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Manganites with perovskite structure possess interesting properties, such 
as colossal magnetoresistance effects and high spin polarization, which make 
them good candidates for technological applications. In this system, the 
competition between different interactions produces rich phase diagrams, and 
provides a high degree of freedom to modulate material properties. This thesis 
focused on the effects of strain modulation on the manganite Pr0.67Sr0.33MnO3 
films and their properties. Two kinds of strain effects were investigated: the 
lattice mismatch between film and substrate, and piezoelectric response of 
piezoelectric substrate to the electric field bias.  
In the first case, 12 nm Pr0.67Sr0.33MnO3 (PSMO) films were grown on 
three different substrates, (001) SrTiO3, (110) NdGaO3 and (001) LaAlO3. 
These films were under three different strain conditions compared to that of 
bulk PSMO. The half-integer diffraction results revealed that the MnO6 




















LaAlO3 substrate, respectively. The lattice mismatch induced strain caused 
anisotropic Mn-O bond in the in-plane and out-of-plane directions, which 
affected the electronic structure as revealed by the polarized X-ray Absorption 
Near Edge Structure. The charge transfer between Mn and O was enhanced 
along the compressive strain direction due to the large overlap between Mn 3d 
and O 2p orbitals from the shortened Mn-O distance.  
In the second case, with application of electric field bias to the (001) 
0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (PMNT) substrate, the magnetic moment 
from Mn site in the 80 nm Pr0.67Sr0.33MnO3 (PSMO) film showed obvious step 
vii 
 
change with electric field bias, which depended on the magnetic field, 
temperature and the electric field polarization. First principle simulations 
suggested that the change of magnetic moment arose from the electron 
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Chapter 1 Introduction  
Since the study of manganite by Jonker and Van Santen [1] in the 1950s, 
mixed-valence manganite (Re1-xAxMnO3, where Re corresponds to the trivalent 
lanthanide such as lanthanum, praseodymium and neodymium, and A 
corresponds to the divalent alkali metals such as strontium, calcium) in 
perovskite structure has attracted much attention [2] due to their interesting 
properties: 1) colossal magnetoresistance (CMR) effect - with the application 
of external magnetic field, the resistivity value changes in several orders; 2) 
rich phase diagram with doping concentration x - each phase has particular 
properties. In this system, the strong correlation among electrons plays an 
important role in the materials properties. Some important physical concepts, 
such as double-exchange model [3-4], and the Jahn-Teller polaron [5] were 
established for the strongly correlated system. The strong coupling [6] 
between crystal structure, electronic structure, spin and orbital properties 
offers freedom to manipulate materials properties and study new phenomena, 
such as orbital ordering and charge ordering. In addition, manganites are also 
good candidates for application in solid electrolytes, sensors (CMR effect) and 
spintronic device (high polarization) [6].  
This chapter would give a brief introduction to the manganites and discuss 
the strategies used to modulate the material properties. The objective and the 
outline of this thesis would be introduced.   
1.1 Crystal structure  
The crystal structure of manganite is constructed based on the pervoskite 
ABO3 unit cell [2] as shown in Figure 1.1. The most widely studied family has 
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the chemical formula Re1-xAxMnO3, where Re/A occupies the eight corners of 
the unit cell (A site), Mn occupies the body center (B site), and the oxygen 
locates around the face center of this unit cell.  
 
Figure 1.1 Illustration of perovskite structure of manganite ABO3 unit cell.  
Generally the radii of rare earth and alkali metals ions are different, which 
may also be different from that of Mn ions. When cations with different 
atomic numbers co-exist, the size of ionic radii may affect the crystal structure 
of manganite. A general discussion of the dependence of properties on the 
ionic radii involves the parameter [7-8] “tolerance factor” t,  
  
    
√      
 
     
√ (     )
                                   (1-1)  
where     , and       are the distance from A site, and Mn site to the 
closest oxygen site, respectively;   ,   , and    are the ionic radii of ions at A, 
B site and oxygen ions, respectively. This parameter provides an easy way to 
characterize the size mismatch between the A site cation and the rest of 
elements (chemical strain). In an ideal situation with perfect size match (t = 1), 
the Mn-O-Mn bond length would be 180˚; For other case (t ≠ 1), the ABO3 
unit cell does not only simply contract or extend,  but the MnO6 octahedron 
also tilts and rotates to form a stable space arrangement, which would cause 
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the Mn-O-Mn  bond angle to be less than 180˚. Figure 1.2 shows the 
illustration of BO6 octahedral rotation.  
 
Figure 1.2 Illustration of octahedral rotation in perovskite, including eight BO6 
octahedra.  
 
Figure 1.3 (a) Dependence of Curie temperature and charge/orbital ordering 
temperature for various trivalent and divalent ions combination at a fixed 
doping concentration [9]. The circles represent the Curie temperature Tc, and 
the squares represent the charge/orbital ordering temperature TCO. (b) 
Illustration of charge/orbital ordering phase in La1-xCaxMnO3 with x = 1/2. 
Open circles are Mn
4+
 ions; solid circles are Mn
3+
 ions and the lobes show the 
orbital ordering of eg electrons at Mn
3+
 site.  
The above chemical strain induced crystal structural changes have 
important effects on materials properties. Figure 1.3 shows the dependence of 
Curie temperature (Tc) on the average radii of A site ions [9], by combining 
different rare earth and alkali metals at a fixed doping concentration (x = 0.5). 
It also shows TCO (charge ordering temperature) where the antiferromagnetic 
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phase becomes stable. In this strongly correlated system, the materials 
properties show significant dependence on the electronic structure and crystal 
structure. It is therefore necessary to study the effects of crystal structure on 
the electronic structure.  
1.2 Electronic structure  
Manganese is a 3d transition metal with five 3d orbitals, which are 
degenerate in the case of free atom [10]. Figure 1.4 shows an illustration of 









) have the electron cloud stretching along the x, y and z axes, 
respectively; while three t2g orbitals (dxy, dyz and dzx) stretch between these 
axes, respectively.  
 
Figure 1.4 Illustration of five 3d orbitals in a 3d transition metal.  
In manganite the Mn locates at the B site of the perovskite structure, and 
these 3d orbitals interact with the crystal field of the surrounding oxygen 
octahedron, forming covalent bonds with the oxygen 2p orbitals. This crystal 
field could lift the degeneracy of these five 3d orbitals [11]. In a cubic crystal 








) at a 
5 
 
higher energy level, and triplet t2g orbitals (dxy, dyz and dzx) at a lower energy 
level. With the distortion of the octahedron, the symmetry of the surrounding 
environment of Mn decreases and the energy degeneracy of 3d orbitals is 
further lifted [12]. Taking the Jahn-Teller distortion as an example, the 
degeneracy of doublet eg is lifted, and that of triplet t2g orbitals is partially 
lifted as shown in Figure 1.5.  
 
Figure 1.5 Illustration of electronic structure of 3d orbitals under different 
crystal structure and lifting the orbitals degeneracy.  
Due to the coexistence of trivalent lanthanide and divalent alkali metals in 




















respectively.  In both ions cases, there are holes in the Mn 
3d spin up orbitals, which are important for the magnetic exchange interaction 
as discussed in the next section.  
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 in manganite have 4 or 3 electrons occupying the 3d 
orbitals, respectively. From the Hund‟s first rule, which states that the electron 
spin aligns parallel to minimize the Coulomb repulsion energy if the orbital is 
less than half filled, the 3d electrons have parallel spins. Three electrons 
occupy the lower energy t2g orbitals forming the core magnetic moment  ⃑ , 
which do not itinerate and localize on fixed sites in the manganite generally 
[14]. The rest of 3d electrons (the forth at Mn
3+
 site), would occupy the higher 
energy eg orbital with spin  ⃑  parallel to core moment  ⃑ . When electron 
vacancies exist in the neighboring Mn eg orbitals, the eg electron could become 
itinerant. The intersite hopping [15] of eg electron occurs through the 
hybridization between the Mn 3d orbitals and the O 2p orbitals. Zener [3] 
introduced the concept of double-exchange to explain the origin of 
ferromagnetism in manganite based on the eg electron hopping.  
 
Figure 1.6 (a) Illustration of double-exchange process; (b) the relationship 
between the hopping probability (t0cos(θ/2)) and the spin moment angle (θ). t0 
is the hopping probability with θ = 0˚.  
Figure 1.6 illustrates the double-exchange process. For one Mn
3+
 and one 
Mn
4+









 are equivalent in energy. The eg electron at Mn
3+





 site, which has no electron on eg orbitals. Due to the 
strong Hund coupling, the spin of this eg electron ( ⃑ ) at Mn
3+
 site would be in 
the same direction as that of three t2g orbital electrons ( ⃑ ), as shown in Figure 
1.6 (b). The spin conservation during this hopping process renders the spin 
moment at different Mn sites to arrange parallel. Anderson and Hasegawa [4] 
introduced an intermediate state to visualize the double-exchange process. The 
effective hopping probability from one Mn site to the next Mn site is related to 
the orbital overlap between Mn 3d and O 2p orbitals (tpd). Furthermore if the 
spins of two closest Mn are at an angle θ with each other, the hopping 
possibility is proportional to cos (θ/2). When θ = 0˚, the hopping probability is 
largest corresponding to the ferromagnetic arrangement; whereas when θ = 
180˚, the hopping probability becomes zero corresponding to the 
anitferromagnetic arrangement.  
 
Figure 1.7 Temperature dependence of resistivity and magnetic moment of 
La1-xSrxMnO3 [18] at several doping concentration x; The magnetic moment 
was measured at H = 0.5T.  
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In hole doped manganite, the eg electron at Mn
3+
 site could hop into the 
neighboring Mn
4+
 site depending on the relative arrangement of their core 
spins. At low temperature, the ferromagnetic phase with θ = 0˚ is stable and 
maximize the hopping probability of the itinerant eg electron [14]. In other 
words, the ferromagnetic phase enhances the mobility of electron, acting like a 
metal [16-17]. With the increase of temperature, the arrangement of core spins 
is disordered due to the thermal effect, which also decreases the effective 
hopping probability. The ferromagnetic phase is no longer stable and a phase 
transition from metal to insulator occurs. As shown in Figure 1.7, Curie 
temperature Tc [18] is very close to the insulator-metal phase transition point 
Tp. Note that at low temperature, the behavior of resistivity was due to 
competition of different interactions in this system as discussed later.  
This double-exchange model may be used to explain the change of 
resistivity when the temperature goes through the paramagnetic-ferromagnetic 
phase transition at Tc: at high temperature, the Mn spins are disordered and 
scatter the electrons, while at low temperature the Mn spins are parallel and 
reduce electron scattering. However this model itself is limited since even the 
totally random arrangement of spin cannot scatter the itinerant electrons 
enough to obtain the correct magnitude of change of resistivity [19-20]. 
Additional physical processes must be included to explain observed 
experimental phenomenon. A. J Mills et al. proposed that the strong electron-
lattice interaction arising from the Jahn-Teller distortion [5] is an important 




Figure 1.8 Illustration of two kinds Jahn-Teller distortions in MnO6 
octahedron.  
Besides the tolerance factor mentioned previously, the Jahn-Teller 
distortion also significantly affects the electronic structure and corresponding 
material properties. Two kinds of Jahn-Teller distortion [21-22] generally exist 
in this system: one is with two Mn-O bond length elongated and four 
shortened as shown in Figure 1.8 (a); the other one is with four Mn-O bond 
length lengthened and two shortened as in Figure 1.8 (b). The direct 
consequences of these two distortions are that the Mn-O bond length is no 
longer uniform and the degeneracy of 3d orbitals is lifted further, as shown in 
Figure 1.5. As a result, there is a preferential occupancy of one eg orbital over 
the other one. For example, in the first distortion of Figure 1.8 (a), the Mn-O 
bond length stretches along the Z axis and compresses in the X-Y plane, the 




. A strong electron-lattice 
interaction would modulate the mobility of the charge carriers due to the 
potential minimum produced by the lattice distortion, which makes the eg 
electron more likely to stay on one Mn site. This trapped behavior competes 
with the delocalization tendency due to the electron hybridization between 
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orbitals. Above the Curie temperature (Tc), the conductivity is dominated by 
thermal activation and the resistance decreases with increasing temperature 
[23]. With the formation of self-trapped state, the electron movement is 
hindered. Around Tc, the self-trapping mechanism starts to compete with the 
double-exchange mechanism, which would dominate in low temperature 
causing a drop in resistivity. The comparisons between the experimental and 
simulation results are shown in Figure 1.9 [24]. There is a good agreement 
between the two figures when the simulation includes the electron-lattice 
interaction.  
 
Figure 1.9 Measured (a) and calculated (b) resistivity of La0.75Ca0.25MnO3. h = 
0.01 corresponds to H = 60000 Oe, and T = 0.1 corresponds to the temperature 
at 1/40 of bandwidth [24].   
As shown in Figure 1.9, large colossal magentoresistance (CMR) effects 
exist. In manganite, the materials properties are sensitive to many factors 
including temperature, magnetic field and crystal structure [25]. In order to 
give an give a qualitative description of CMR effect, the double exchange 
interaction, antiferromagnetic superexchange interaction between the core t2g 
spins, electron-lattice interaction, orbital ordering as a result of the inter-site 
exchange interaction between the eg orbitals, or the intrasite and intersite 
Coulomb repulsion between the eg electrons should be considered [26]. The 
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physics of CMR is not the scope of this thesis and details can be found in 
references [27-30].  
1.4 Modulation of manganite properties  
The properties of manganite may be sensitively dependent on imposed 
external conditions that change the electronic and crystal structures. In the 
following, some of these external factors are discussed.  
 
Figure 1.10 (a) resistivity [18], and (b) Phase diagram of La1-xSrxMnO3 with 
different Sr doping concentration; (c) summary of the magnetic, transport and 
crystal structure properties of La1-xSrxMnO3 [31] in different regions at phase 
diagram (b). Para-Paramagnetic, AF-Antiferromagnetic, F-Ferromagnetic, 
Ferri-Ferrimagnetic, I-Insulator, M-Metal, R-Rhombohedra, O-Orthorhombic 
with disordered Jahn-Teller distortion, J- Orthorhombic with ordered Jahn-
Teller distortion, P- Orthorhombic with ordered Polaron.  
1.4.1 Hole concentration  
Figure 1.10 shows the phase diagram of one most studied system, 
lanthanide manganites (La1-xSrxMnO3) with low Sr doping concentration (x < 
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form stable compounds.  By replacing the La
3+
 with doped Sr
2+
, the effective 




) also changes in order to keep the charge 
neutrality. With the increase of doping concentration (x) Sr
3+
, the fraction of 
Mn
4+
 ions increases. As shown in the Figure 1.10, the phase diagram is 
separated into several regions. The crystal structure changes with the hole 
doping concentration x and temperature. At high temperature, it is a 
paramagnetic insulator, but at different crystal structures with changing x as 
shown in Figure 1.10 (c). With decreasing temperature, the paramagnetic-
ferromagnetic or paramagnetic-antiferromagnetic phase transition occurs 
depending on the doping concentration x. Insulator-metal phase transition also 
occurs at x > 0.1. At the boundary of separated regions, the crystal structure 
phase transition also exists with the decrease of temperature. In the resistance-
temperature curve, the crystal structure phase transition indicated as triangles 
in Figure 1.10 (a).  
 
Figure 1.11 Average radii with doping concentration x = 0.5 in manganite with 
a mixture of trivalent and divalent ions at A site [2]. The average radii were 
calculated using RA = (1-x)RRe + xRA, RRe and RA were the radii of trivalent 
and divalent ions, respectively; x was the doping concentration of divalent ions. 
With the change of doping concentration x, not only the effective valence 
of Mn ions at B site, but also the average radii of ions at A site change [2], as 
shown in Figure 1.11. Hence the change of properties with different doping 
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concentration x may have two contributions: change of electronic valence 
and/or change of crystal structure. It is necessary to differentiate the 
contributions of these factors.  
1.4.2 Chemical strain  
As previously mentioned, the ionic size at A site plays an important role 
in the materials properties. For doped manganite, the tolerance factor t may be 
controlled by replacing rare earth ion with alkali metals with different ionic 
size, at a fixed doping concentration x. As shown in Figure 1.12 [32], the 
effective radius at A site changes in a wide range in Re0.7A0.3MnO3 compound 
by doping different rare earth and alkali metals. In close packed structures, the 
tolerance factor is directly connected to the size of A site ions. For undistorted 
cubic structure the tolerance factor t is 1 in this cubic system with Mn-O-Mn 
bond angle θB = 180˚. However, the size of A site ion in manganite is not 
perfectly matched with Mn and O. In such case, the oxygen tends to tilt away 
from the face center to stabilize the distorted structure. With the decrease of 
average radius of A site ions, the tolerance factor t becomes smaller than 1, 
and the bond angle θB < 180˚. In the double-exchange model, the electron 
hopping probability moving from one Mn to the next Mn site decreases as the 
bond angle θB becomes less than 180˚. The net effect is that as the tolerance 
factor decreases, the electron tends to become localized due to reduction of the 
mobility and the stability of ferromagnetic phase decreases. With reduction of 
the A site ionic size, the distance from Mn-Mn may also decrease. The 
electron hopping probability depends not only on the bond angle θB, but also 
on the Mn-O bond length [33].  
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There are three dominant regimes in Figure 1.12: a paramagnetic insulator 
at high-temperature, a low-temperature ferromagnetic metal at large tolerance 
factor, and a low-temperature charge-ordered ferromagnetic insulator at small 
tolerance factor. These results obviously demonstrate that the tolerance factor 
has a significant effect on the crystal structure of the manganite through 
modulating the oxygen octahedron arrangement around the Mn site. The 
manganite properties thus show great dependence on the crystal structure.  
 
Figure 1.12 Phase diagram of manganite system at x = 0.3 with different 
tolerance factors [32].  
1.4.3 Magnetic field  
From the phase diagram of Figure 1.10 and Figure 1.12, the manganite 
generally shows paramagnetic-ferromagnetic/antiferromagnetic phase 
transition with decreasing temperature, and the magnetic field may order the 
direction of spin moment. Sometimes the magnetic field itself could affect the 
crystal structure and manipulate the materials properties. Taking the mostly 
studied La1-xSrxMnO3 system as example, through changing the doping 
concentration (x = 0.17) [34], the spin moment and the charge carrier are 
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strongly correlated with the crystal structure. The crystal structure could be 
tuned irreversibly by the external magnetic field. As shown in the lower part 
of Figure 1.13, the resistivity is not reversible after application of high 
magnetic field. The simultaneously monitored striction, which is related to the 
lattice constant, shows the similar behavior. The high magnetic field affects 
the crystal structure, which in turn changes the transport properties. In the 
beginning, it is orthorhombic and becomes rhombohedral after the application 
of a 7 Tesla field. These results suggest that the properties of manganite may 
be manipulated by the magnetic field applied to change the crystal structure.  
 
Figure 1.13 Lattice striction (upper) and resistivity (lower) of La1-xSrxMnO3 (x 
= 0.17) change with magnetic field at 287 K [34].  
From the above review, it can be seen that the manganite properties are 
very sensitive to external factors, such as temperature, chemical composition, 
and magnetic field. The crystal structure plays an important role in this kind of 
system, which may affect the Mn-O bond length and bond angle. With the 
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development of thin film growth techniques, the production of non-
equilibrium phase of materials and the strain engineering of existing materials 
are possible [35]. The crystal structure of thin film would be different from 
that of bulk due to the substrate. In addition, the properties of region very 
close to the film-substrate interface may differ significantly from the rest of 
the film. The interface effect [36-39] is beyond the scope of this thesis. The 
following sections mainly focus on the effects of strain on the thin film crystal 
structure, magnetic and electrical properties. These include the substrate-film 
lattice mismatch induced strain and electric field induced strain.  
1.4.4 Lattice mismatch induced strain  
Bulk La0.67Sr0.33MnO3 [40-41] is rhombohedral with space group R3c (No. 
167) and the lattice parameters are ar = 5.471 Å and αr = 60.43˚. The MnO6 






, according to the Glazer‟s tilt 
system [42-43]. The details of Glazer tilt system will be discussed in Chapter 3. 
This rhombohedra unit cell is described as a monoclinic unit cell with lattice 
parameters ao, bo, co, o, βo, and γo. La0.67Sr0.33MnO3 films deposited on 
different single crystal substrate experience different strains due to the lattice 
mismatch ((af - as)/as, where af and as are in-plane lattice constant of bulk 
La0.67Sr0.33MnO3 and substrate, respectively) between the LSMO and substrate. 
On several (110)- and (001)-oriented substrates, (001) SrTiO3, (110) NdGaO3, 
(110) DyScO3, and (001) (LaAlO3)0.3-(Sr2AlTaO6)0.7, the film growth 




Figure 1.14 Illustration of growth orientation of thin film layer on (a) (001)-
oriented cubic, and (b) (110)-oriented orthorhombic substrates [44].  
 
Figure 1.15 Dependence of structural parameters of strained La0.67Sr0.33MnO3 
thin films on in-plane strain: (a) ao, bo unit-cell lengths and γo angle; (b) 
orthorhombicity factor (bo/ao); (c) volume. Lines are drawn as a guide to the 
eye [44].  
From the high resolution XRD results, the films grew coherently on all 
substrates. The La0.67Sr0.33MnO3 thin film unit cells could be described using a 
distorted orthorhombic unit cell ao, bo, co, αo, βo and γo. Figure 1.15 gives a 
description of how ao, bo, and γo angles vary with strain. Films with in-plane 
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compressive strain (NGO and LSAT) grows with ao < bo, αo = βo =90˚, and γo 
< 90˚, while films with in-plane tensile strain (STO and DSO) grows with ao = 
bo, αo = βo =90˚, and γo > 90˚. With the in-plane strain changing from tensile to 
compressive, the film accommodates the strain differently. With tensile strain, 
the ao and bo remains constant and the angle γo changes from less than 90˚ to 
bigger than 90˚. Thus the tensile strain is accommodated by varying angle γo. 
With compressive strain, ao, bo and γo take part in the process of 
accommodating the strain. With the in-plane strain changing from 
compressive to tensile, the orthorhombicity (bo/ao ratio) decreases and the unit 
cell volume increases.  
 
Figure 1.16 Illustrations of MnO6 octahedral rotation under in-plane (a-b) 
compressive and (c-d) tensile strain [44].  
In addition to the change of the lattice constants, the MnO6 octahedral tilt 
also occurs due to the imposed strain. By analyzing the lattice constants, the 












) according to 
the Glazer‟s analyses under compressive strain as shown in the (a-b) of Figure 
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). Although the exact octahedral tilt pattern is not 
decided, these results verify that the strain in thin films can modify the tilt 
patterns. It would be very helpful to obtain direct evidence of how the 
octahedral tilt patterns of manganite thin films occur under different strain 
conditions.  
 
Figure 1.17 Field-cooling magnetization-temperature curve with H = 5 Oe of 
250 Å La0.67Sr0.33MnO3 films on (a) (001) LaAlO3, (b) (001) SrTiO3, (c) (001) 
La0.3Sr0.7Al0.35Ta0.35O9, and (d) (110) NdGaO3 substrates. In (a-b) open circles 
means magnetic field H is along [110] direction, closed circles means H is 
along in-plane [100], and triangles means H is along the out-of-plane [001] 
direction; in (c-d) circles means H is along in-plane edge directions, triangles 
means H is along out-of-plane direction [45].  
As discussed in section 1.3, the materials properties are sensitive to the 
crystal structures. Thin films under different strain conditions possess 
properties different from that of the bulk. One example is La0.67Sr0.33MnO3 
epitaxial films grown on (001) LaAlO3, (001) SrTiO3, (001) 
La0.3Sr0.7Al0.35Ta0.35O9, and (110) NdGaO3, which have different in-plane 
lattice constants [45]. Figure 1.17 shows the magnetization-temperature (M-T) 
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curve with magnetic field along different directions of these four samples. The 
anisotropy of M-T curve along different directions is due to the strain-induced 
magnetic anisotropy, which is verified by the magnetization-filed loop. 
La0.67Sr0.33MnO3 film on (001) La0.3Sr0.7Al0.35Ta0.35O9 and (110) NdGaO3 are 
almost strain free and they show biaxial anisotropy in the film plane. Film on 
(001) LaAlO3 is under uniaxial strain and possesses a perpendicular easy axis. 
Film on (001) SrTiO3 possesses biaxial easy in-plane anisotropy due to the 
biaxial tensile strain.  
Curie temperatures are different for these four films though the nominal 
compositions La0.67Sr0.33MnO3 of these films are the same. The magnetic 
behaviors are strongly correlated with the crystal structures.  J. A. Mills [46] 
has proposed an equation to describe the effects of strain on Curie 
temperatures of manganite film for weak strain,  
  (      )     .      
 
 
     /                                   (1-2) 
where    (          )  is the bulk strain,      √   (         )  is 
the Jahn-Teller strain,    (    )(       ), and    (    )( 
        
 ). 
From this equation, Curie temperature (Tc) of strained film could be 
quantitatively calculated. The above equation only depends on the lattice 
parameters, and shows no explicit dependence on parameters such as Mn-O-
Mn bond angle, Mn-O bond length, and electron hopping probability. These 
parameters are however very important in the frame of double-exchange 
model. It would be important to understand how the effects of strain affect 
Mn-O bond and thus corresponding material properties.  
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The transport properties are also sensitive to the strain effetcs. 
La0.67Sr0.33MnO3 film was grown on (001) BaTiO3 [47] single crystal structure. 
From the resistivity-temperature curve as shown in Figure 1.18, discontinuities 
of electrical resistivity of La0.67Sr0.33MnO3 film appear. It exhibits jumps at 
277 K and 183 K when measured at the cooling process, and at 281 K and 190 
K when measured at the heating process. These jumps occur at the similar 
temperature of BaTiO3 phase transition, suggesting that the resistivity 
behaviors are affected by the change of crystal structure of BaTiO3 substrate.  
 
Figure 1.18 Dependence of (a) lattice parameters of BaTiO3 and (b) transport 
properties of 500 Å La0.67Sr0.33MnO3 film on temperature [47].  
1.4.5 Electric field induced strain  
With the advance in the thin film growth techniques, oxide thin films may 
be grown on different substrates with well-defined strain conditions. The 
common way to study strain effects is to grow films on different substrates 
with different lattice constants, and then evaluate the strain effects by 
comparing the film properties of many samples. An alternative way to study 
the strain effects is to grow thin film on a piezoelectric (PE) substrate, and 
then control the strain states by applying electrical field on the PE substrate 
[48]. In this section, the control of thin film properties by applied electric field 
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bias on a PE substrate is discussed. Note that the PE substrate is also 
ferroelectric and could induce polarized charge accumulation at the interface 
between the film and the substrate. The induced polarization may also affect 
the film properties in regions close to the interface. However this short-range 
interface effect [49] will not be considered in this thesis. More details on the 
interface charge effect can be found in the references [50-53].  
 
Figure 1.19 Dependence of lattice constants of (a) PMNT substrate, and (b) 
SrTiO3, and LaScO3 films, on the electric field on PMNT substrate [54].  
Single crystal piezoelectric (1-x)PbMg1/3Nb2/3O3–xPbTiO3 (PMNT) with 
x close to 0.3, is nearly cubic in the unpolarized state, and the piezoelectric 
strain could be used to the control the crystal structure and the film properties 
[54]. Figure 1.19 shows the change of lattice constant of the bare PMNT 
substrate with applied electric field. After thin films (200 nm SrTiO3, and 
LaScO3) were deposited on this substrate, the lattice constants of these films 
were obtained from X-ray diffraction. The reversible in-plane strain of upper 
film Δaf/af = - 0.13±0.01% is similar to that of pure PMNT substrate Δas/as = - 
0.13±0.01% for E = 13.3 kV/cm. In both the PMNT substrate and film, the 
similarity of the in-plane strain suggests that the reversible strain from the PE 
substrate is vertically uniform throughout the film. In this case, the in-plane 
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biaxial strain from piezoelectric PMNT substrate in response to applied 
electric field bias provides a method of pure strain manipulation.  
With the application of strain on magnetic films, the strain-induced 
anisotropy may change the direction of magnetic anisotropy easy axis. For 
example, if the strain-induced anisotropy is along the film normal direction, 
the in-plane magnetic moment value would decrease, and the out-of-plane 
magnetic moment would increase with the same measurement magnetic field. 
However, due to the complexity of the phase separation in manganites, both 
the in-plane and out-of-plane magnetic moments may change in the same 
manner [55]. As shown in Figure 1.20, with applied electric field bias on the 
PMNT substrate, both the magnetic moments of Pa0.6Ca0.4MnO3 film along the 
in-plane and out-of-plane increase. This phenomenon is ascribed to the strain 
induced phase transition, i.e. from charge ordered antiferromagnetic to 
ferromagnetic phase.  
 
Figure 1.20 Magnetic hysteresis loops of Pa0.6Ca0.4MnO3 film with different 
electric fields on PMNT substrate for the (a) in-plane and (b) out-of-plane 
directions [55].  
Curie temperature may also respond to the applied electric field. Figure 
1.21 [56] shows the remnant magnetic state at E = 0 kV/cm for 20 nm 
La0.7Sr0.3MnO3 film on the PMNT substrate, of which the bulk Tc is 370 K. 
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The film is under in-plane tensile strain. The quadratic remnant magnetization 
M
2
 is roughly linear with the temperature below Curie temperature. Tc is 
derived by extrapolating the M
2
-T (temperature) curve to M = 0. The in-plane 
biaxial strain in the as-grown film is reduced by applied electric field on the 
PMNT substrate, and the suppression of phase transition is lifted to some 
extent. Tc increases by 19 K with the application of E = 7.0 kV/cm.  
 
Figure 1.21 (a) remnant magnetization dependence on temperature, and (b) 
linear fitting M
2
(T) of dependence on electric field, of 20 nm La0.7Sr0.3MnO3 
film on PMNT substrate [56].  
 
Figure 1.22 Dependence of (a) relative change in the resistance of the LaMnO3 
film and (b) in-plane strain of PMNT substrate, on the electric field bias on the 
PMNT substrate [57].  
The transport properties of manganite film may also be affected by the 
applied electric field on PMNT substrate. As shown in Figure 1.22 (a) [57], 
the resistance of LaMnO3 film changes with electric field, showing the 
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hysteresis loop. As mentioned before, the electric field may induce both 
polarization charge and strain. In the case that the electric field induced 
polarization dominates the transport properties, the resistance-electric field 
curve should be in square-like shape with the resistance change in opposite 
signs for opposite directions of the electric field. In the case that the electric 
field induced strain dominates the transport properties, the resistance-electric 
field curve should be in the butterfly-like shape with the resistance change in 
the same sign for opposite directions of the electric field, as shown in the right 
of Figure 1.22 (b).   
1.5 Motivation and objectives  
 
Figure 1.23 Illustration of phase diagram of different manganite system. F 
donates ferromagnetic state; A, CE, C and G denote A-type, CE-type, C-type, 
and G-type antiferromagnetic states [2].  
Manganite is both a scientifically rich and technologically promising 
system. In this thesis, I will focus on the manganite Pr1-xSrxMnO3 with a fixed 
composition x = 0.33. From Figure 1.23, the bandwidth of this system is 
relatively large [2], indicating strong double-exchange and high Curie 
temperature. From the previous reviews, strain may be used as an effective 
mean to control the crystal structure, magnetic and transport properties of the 
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manganite system. Most reported work on strain effect focus on the study of 
lattice constants. However, little has been done to understand how the MnO6 
octahedral rotation respond to the strain induced in the thin epitaxial films, 
especially for the Pr0.67Sr0.33MnO3 (PSMO) system. This thesis investigates the 
effects of film-substrate lattice mismatch induced strain on PSMO films. In 
addition, the effects of applied electric field bias, exploiting promising 
magnetoelectric effects for multifunctional devices [58-59], on single crystal 
piezoelectric (PE) substrate with deposited PSMO film is also investigated.  
In specific, the strain effects on Pr0.67Sr0.33MnO3 are investigated using 
two strategies. The first one is the strain induced by the lattice mismatch 
between different single crystal substrates and PSMO films. The crystal 
structure (including MnO6 octahedral rotation), electronic structure, and 
magnetic properties are discussed in details. The second one is strain from 
piezoelectric substrate in response to the electric field. The temperature 
dependence of electric field effects is discussed.  
1.6 Thesis outline  
This thesis is organized into 6 chapters. Chapter 1 gives an introduction to 
the manganite, and the current study status on this system. Chapter 2 describes 
the experimental methods used in this thesis. The results of crystal structure 
information are reported in Chapter 3. The electronic structures are discussed 
in Chapter 4 by combining with the results of crystal structure. Chapter 5 
focuses on the electric field control of film properties. Chapter 6 contains the 
conclusion and suggestion of future work. 
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Chapter 2 Experimental methods  
This chapter provides an introduction about the experimental techniques. 
Pr0.67Sr0.33MnO3 (PSMO) films were fabricated using pulse laser deposition 
(PLD); the crystal structure was measured using X-ray diffraction (XRD); the 
electronic structure was characterized using X-ray absorption spectroscopy 
(XAS); the magnetic properties were measured using super conducting 
quantum interference device (SQUID), and X-ray magnetic circular dichroism 
(XMCD).  
2.1 Pulse Laser deposition (PLD)  
 
Figure 2.1 Illustration of standard pulsed laser deposition system [63].  
Following the development of the Pulse laser deposition technology at 
Bell Communications Research [60], this method has been used widely to 
grow films of many materials including semiconductor and dielectric materials. 
PLD may be used to grow oxide films with delicate thickness control, desired 
chemical composition and good crystal structure [61-62].  
The process of using PLD for thin film growth is straightforward [63] as 
shown in Figure 2.1. This system includes a well-sealed chamber equipped 
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with pumps to obtain high vacuum environment during film growth process, a 
target and a substrate with rotator, and some other equipment affixed to 
control the deposition environment, such as pressure, temperature. The system 
also includes a set of optics affix, such as apertures, attenuators, mirrors, and 
lenses to focus and lead laser beam into the deposition chamber with desired 
energy. The film deposition process is conducted through vaporization of the 
target by a strong laser beam. The vaporized materials would be deposited on 
the surface of the substrate.  
With the laser beam hitting the target surface, the energy is first absorbed 
and converted into electronic excitation energy, and then into thermal, 
chemical and mechanical energy, causing the evaporation, ablation, excitation 
and plasma formation. The plume in Figure 2.1 includes a mixture of atoms, 
molecules, electrons, ions, which is highly directed and expands in the vacuum 
environment to form the ejection of the target materials normal to the target 
surface plane. The plume formation occurs in tens of nanosecond and could be 
separated into several parts: 1) photon absorption process; 2) target surface 
melting and conduction of heat into the bulk inside. At this step the 
temperature of a small area on the target increases sharply and is ready for the 
next evaporation process; 3) vaporization process of the target material, and 
then the multiphoton ionization process of the gaseous target materials creates 
the characteristic plasma; 4) plasma excitation with excited electrons, and 
resulting in hot pulse expanding in the normal direction. In this thesis, the 
samples were prepared using PLD, and the growth parameters would be 
described in the „experimental details‟ of corresponding chapters.  
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2.2 X-ray diffraction (XRD) 
Since the Bragg formulation of X-ray diffraction was first proposed 
by William Lawrence Bragg and William Henry Bragg in 1913, X-ray 
diffraction has significant impact on the research work thereafter [64]. XRD is 
a non-destructive experiment method to get the crystallographic structure 
information for both single crystal and polycrystalline materials, including the 
space group, lattice constant, grain size and strain. The X-ray diffraction could 
be described using Bragg‟s Law as follows,  
          (         )                              (2-1) 
where d is the space of the diffraction plane, ω is angle between the incident 
ray and the diffraction planes, n is an integer determined by the order of 
diffraction, and   is the wavelength of incident X-ray. When the measurement 
parameters satisfy the Bragg‟s law, strong diffraction intensity could be 
observed. In this thesis, the X-ray diffraction was performed at the Singapore 
Synchrotron Light Source (SSLS), Singapore, using a four-circle X-ray 
diffractometer as shown in Figure 2.2. The X-ray wavelength   was set to be 
equivalent to that of Cu Ka radiation of 1.54056 Å.  
 




Figure 2.3 Illustration of X-ray diffraction, and the definition of ω, 2θ, χ, and 
φ in this work [65]. Please refer to text for details.  
 
Figure 2.4 XRD measuring configurations for (a) θ-2θ, (b) ω-2θ, and (c) 
Rocking curve.  
In this measurement, four angles (ω, 2θ, χ, φ) may be adjusted to 
determine the diffraction plane. The definition of these four angles is shown in 
Figure 2.3. 2θ is the angle between the incident X-ray direction and the out-
going diffracted X-ray, ω is the angle between incident X-ray direction and the 
scattering placing, χ is the rotation angle around the axis where the sample 
placing plane and the diffraction plane intersect, φ is the rotation angle around 
the normal direction of sample plane. Different methods of measurements will 
be described as follows.  
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(1) θ-2θ scan: As shown in Figure 2.4 (a), the angle between incident 
X-ray and diffraction plane ω equals to the angle between the 
incidence X-ray and the sample surface θ (ω = θ), and θ varies 
consistently with the 2θ. In this kind of measurement, only the 
planes parallel to the sample surface would show the diffracted 
peaks, such as the (002) peaks of (00l) orientated thin films.  
(2) ω-2θ scan: As shown in Figure 2.4 (b), ω does not always equal to 
the θ (   ) in this configuration, which gives information on the 
lattice plane which is not parallel to the sample surface, such as the 
(-103) peaks of (00l) orientated thin films.  
(3) Rocking curve scan: As shown in Figure 2.4 (c), ω is varied to do 
the ω scan while fixing 2θ, which is also known as the rocking 
curve (RC) scan. This measurement gives information about the 
orientation of thin film, characterized by the Full Width at Half 
Maximum (FWHM) of the RC curve.  
In the Bragg‟s law, n is always an integer.  As shown in Figure 2.5, the 
momentum transfer during the integer X-ray diffraction is QBragg= n
  
 
 (n is 
integer) in the case that the periodic length is d. If the periodic length doubles 
to 2d due to some distortion of the crystal structure, the momentum transfer 

















Figure 2.5 Illustration of X-ray diffraction for integer and half-integer 
diffraction.  
 
Figure 2.6 2D illustration of MnO6 octahedral tilt, and the appearance of extra 
half-integer diffraction peak.  
In perovskite manganite, generally the cations have stronger scattering 
intensity than the anions oxygen, and the oxygen contribution of X-ray 
scattering is not easy to be separated from that of cations. However, if the 
periodic lengths of cations remain as constant d, whereas the periodic length 
of oxygen doubles to 2d, some extra peaks due to the oxygen scattering will 
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appear [66]. One example of this case is the MnO6 octahedral rotation (tilt) in 
perovskite manganite. As shown in Figure 2.6, the existence of octahedral 
rotation doubles the periodic length, and some extra half-integer diffraction 
peaks from the oxygen contribution then appear. In this half-integer diffraction, 
the scattering contribution from oxygen has a very low scattering intensity. 
High-flux X-ray and the accurate determination of scattering orientation are 
therefore essential in order to effectively collect half-integer diffraction signals. 
In this work, all the half-integer diffraction work was conducted using a four-
circle diffractometer at the Singapore Synchrotron Light Source (SSLS).  
2.3 X-ray Absorption spectroscopy (XAS)  
2.3.1 Introduction to XAS 
In X-ray absorption process, the absorption coefficient   is used to 
characterize this process, which is the ability that the materials absorbs the X-
ray and may be described as [67-68],  
      
                                                (2-2) 
where    is the X-ray intensity of incident X-ray, and   is the intensity of 
transmitted X-ray, and D is the sample thickness. Generally the absorption 
coefficient   depends on the atomic number, atomic mass, sample density and 
the X-ray energy. The sensitivity of absorption coefficient to the atomic 
number makes this technique useful for materials study. For XAS spectrum, 
the fine structure function χ(E) is useful which is defined as,  
                                    (2-3) 
where  ( ) is the measured absorption coefficient from experiment and is 
energy dependent,   ( ) is background function corresponding the absorption 
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ability of an free atom, and    ( ) is the measured jump in the absorption 
 ( ). X-ray Absorption spectroscopy could be used to obtain information on 
the local structure and the unoccupied local electronic structure. Generally the 
XAS spectra could be divided into three energy regions:  
Edge region: This region usually represents a narrow range of few eV 
around the absorption edge, which is due to the excitation of a core electron to 
unoccupied empty orbitals. The position of the absorption edge is related to 
the chemical valence of the center absorption element and local environment 
[69]. In a strongly correlated system such as manganite, the multi-electron 
excitation and configuration interaction are also important.  
X-ray Absorption Near Edge Structure (XANES): This region extends 
from the absorption edge to 50-100 eV above. This structure feature originates 
from the transition between the occupied core orbitals and the localized 
valence orbitals. The intensity of the transition would yield information about 
the oxidation state and coordination environment of the central absorbing 
atoms. In the case of K edge XANES, the main contribution is from the 1s - np 
orbitals excitation [70], where np means the lowest empty p orbitals of the 
absorption atom. For transition metals with partially occupied d orbitals such 
as Mn in hole-doped manganite, pre-edge structures may appear which is from 
the 1s - (n-1)d excitation [70].  
Extended X-ray absorption fine structure (EXAFS): this is non-
resonant absorption spectrum. The mechanism could be viewed as follow: one 
electron occupying the inner core orbital would be excited by absorption of X-
ray in a particular wavelength, and go up to orbitals above the Fermi level [71]. 
With X-ray energy above the absorption edge, the excited electron preserves a 
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certain kinetic energy and moves outside. In this process, the outgoing 
photoelectrons would be scattered by the surrounding atoms, as shown in 
Figure 2.7. The scattering intensity and phase depends on many factors, such 
as the element type, atomic distance, number of surrounding atoms, and 
thermal vibration. Then the scattered photoelectron waves would interfere 
with each other and form constructive/destructive patterns [72]. This interfered 
information would be revealed in the EXAFS because the absorption 
probability is related to the photoelectron emission possibility. An example of 
Mn K edge XAS is shown in Figure 2.8.  
 
Figure 2.7 Illustration of mechanism of EXAFS. 
 
Figure 2.8 Illustration of Mn K edge XAS.  
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2.3.2 XAS measurement  
There are two geometries to collect XAS signals, transmission or 
fluorescence (electron). The transmission measurement requires thin foils and 
was not used in this thesis.  It will not be discussed.  
 
Figure 2.9 Illustration of (a) X-ray fluorescence, and (b) Auger effect.   
After one core electron is strike out, the atom is in excited states and there 
are two kinds of decay processes to ground state [73]. Figure 2.9 (a) shows the 
X-ray fluorescence. One high energy level electron would fill the core hole 
and eject an X-ray photon with well-defined energy, which is characteristic of 
the atom and could be used to quantify concentrations. Total Florescence 
Yield (TFY) mode may be used to collect this fluorescence signal. Another 
possibility is that the excited state may decay to the ground state through the 
Auger effect, as shown in Figure 2.9 (b). The intensity of the emitted primary 
Auger electrons may be used to measure the X-ray absorption. Total Electron 
Yield (TEY) mode is used to collect this Auger electrons signal. The TEY 




Figure 2.10 Illustration of polarized XANES measurement. The double-
headed arrow means the direction of electric field component, and the single-
headed arrow means the direction of X-ray wave vector.  
Before going to the data analysis of XAS, the polarization dependent XAS 
is first discussed. For linearly polarized X-rays, the direction of the E vector of 
X-ray determines the X-ray absorption intensity, which acts like a search light 
for the direction of the maximum and minimum number of empty valence 
states. The transition intensity is directly proportional to the number of empty 
valence states in the direction of E. In one system, the charge distribution may 
be anisotropic due to the interaction between different atoms, such as crystal 
filed effect and spin-orbital interaction. In such case this non-spherical charge 
distribution could cause the anisotropic XANES during polarized 
measurement as shown in Figure 2.10. In polarized XANES measurement, the 
E vector of X-ray is perpendicular to the film plane (Perpendicular 
measurement) or in the film plane (Parallel measurement).  
2.3.3 Data analysis procedure  
The physics of EXAFS may be described as follow [74],  
 
(2-4) 
where         , and  
     
    
 
. Some parameters are obtained from 
theoretical calculation, including   ( )  (the effective scattering amplitude), 
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  ( ) (the effective scattering phase shift),  ( ) (mean free path), and    (the 
initial path length); The rest of parameters could be obtained from data fitting, 
including,    (the degeneracy of path),   
  (the mean squared displacement), 
  
  (the passive electron reduction factor),    (the energy shift), and    (the 
deviation of path length). By proposing a model for the XAS fitting, the local 
environment of the center absorption atom could be determined. Note that the 
above discussion only includes the simplest scattering case with a single path, 
while the multiple path scattering should be considered with the purpose to 
analyze the EXAFS from experiment. The multiple path scattering means that 
the scattering path includes one or more intermediate atoms. An additional 
complicated situation is that the multipath scattering overlaps with the single 
path scattering, which makes the analysis process much harder. This situation 
becomes important if the scattering angle is 0º or 180º. Normalization of 
measured XAS was conducted with the standard process by choosing proper 
pre-edge line, post-edge line and edge step using software Athena [75]. In this 
thesis, XANES and EXAFS measurements were conducted using linear 
polarized X-rays at the undulator beamline 20-ID-B of the Advanced Photon 
Source (APS), Argonne National Laboratory, USA. The details of the 
measurement setup will be discussed in the „experimental details‟ of 
corresponding chapters.  
2.4 Super Conduction Quantum Interference device (SQUID) 
The SQUID VSM (Quantum Design) is widely used to measure magnetic 
properties. Figure 2.11 illustrates a schematic of the SQUID VSM detection 
hardware. The superconducting detection coils are configured as a second-
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order gradiometer, with counter wound outer loops which make the set of coils 
non-responsive to uniform magnetic fields and linear magnetic field gradients. 
The detection coils only generates a current in response to local magnetic field 
disturbances [76].  
 
Figure 2.11 A schematic illustration of SQUID detection [76].   
In the case that the sample size is much smaller than the characterized size 
of the detection coils, the current in the detection coils would be a function of 
the sample position. At the same time, the current in the detection coils is 
coupled to the instrument‟s SQUID, which could convert the current to 
voltage and is very sensitive. The feedback in the SQUID would null the 
current in the detection coils, and actually there is no current inside. However, 
the feedback current includes the information of the actual SQUID voltage. 
Then the SQUID voltage is amplified and analyzed by the instrument 
electronics. During the SQUID VSM measurement, the sample vibrates around 
the center of the detection coil, where the signal is a function of sample 
position z. The generated SQUID signal V, could be described as,  
 ( )           (  )                                           (2-5) 
In addition, V(z) = Az
2
 for small vibration amplitudes, and z(t) = Bsin(ωt),  
where A is a factor of the magnetic moment; B is the vibration amplitude 
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around the detection coil center of the sample. The lock-in amplifier is applied 
to select and quantify the signal exclusively from the sample.  
2.5  X-ray Magnetic Circular Dichroism (XMCD)  
2.5.1 Basic Mechanism of XMCD  
 
Figure 2.12 Polarized synchrotron radiations from a bending magnet source 
[77].   
In synchrotron radiation source, the electrons are accelerated inside a 
circle with angular momenta. During this process, the angular momenta of 
electrons and energy could be transferred to the emitted photons [77]. These 
emitted X-ray photons in the same plane of electron orbital exist angular 
momentum Lz = 0 as shown in Figure 2.12. Lz is projection of angular 
momentum along quantum axis, generally labeled as z direction. These 
photons are linear polarized X-ray. If these photons are emitted in the 
direction below the electron orbital, the angular momentum Lz = - ħ and these 
photons are viewed as left circular polarized X-ray. Similarly, the photons 
emitted in direction above the electron orbital are viewed as right circular 
polarized X-ray with Lz = ħ.  
The absorption probabilities in magnetic materials for left and right 
circular polarized X-rays are different in a magnetic field. The XMCD effect 
is the difference between these two situations, which is directly related to the 
atomic magnetic moment. Figure 2.13 gives an illustration of 3d element L3, 2 
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edge absorption processes of circular polarized X-ray photons. The XMCD 
intensity is proportional to the magnetic moment of absorption atom, which 
could be could be explained in two steps.  
 
Figure 2.13 Illustration of the L edge XMCD absorption processes. The 
circularly polarized X-ray photons has angular momentum Lz = ±1 (in units of 
ħ). The explanation is shown in both Stoner band model and atomic one-hole 
model. Please note that in this figure the “down-spins” are filled and the “up-
spins” partially unfilled [77].  
In the first step of X-ray absorption, under the requirement of angular 
momentum conservation, the transfer of the angular momentum of the incident 
circularly polarized X-rays photon to the excited photoelectrons occurs. When 
the photoelectron is excited from the core orbital with spin-orbital split, such 
as 2p3/2 (L3 edge), the angular momentum from the incident X-ray photon 
would be transferred to the spin partially through the spin-orbital coupling, 
and then the excited photoelectrons are spin polarized. The spin polarization 
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direction of photoelectrons are in opposite for incident X-ray photons with 
positive (ħ) and negative (- ħ) angular momentum. In addition due to the spin-
orbital coupling is opposite in 2p3/2 (L3 edge) and 2p1/2 (L2 edge), l + s and l − 
s, respectively, the final spin polarization would be in opposite at these two 
edges. The spin quantization axis is parallel to direction of the photon spin, 
which is in the X-ray propagation direction.   
In the second step the high energy level partially filled shell with unequal 
populations on the spin-up and spin-down levels could serve as the detector of 
the spin direction of the excited photoelectrons [78-79]. The maximum 
XMCD effects exist when the magnetization direction M and the photon 
momentum are collinear. The dichroism effect is obtained by the difference of 
excitation between photons with positive and negative angular momentum,  
                                                     (2-6) 
where    and   are absorption intensities for circular photon with positive and 
negative angular momentum. During measurement, it is equivalent to change 
the magnetization direction while fixing the X-ray photon momentum. In the 
specific case as shown in Figure 2.13, due to the constraining of dipole 
operator no spin-flops process would be allowed, and only the spin-up 
electrons at core 2p orbitals could be excited to the empty states of partially 
filled spin-up 3d orbitals. The X-ray with positive momentum excites 62.5% 
spin-up electrons at L3 edge, and 25% spin-up electrons at L2 edge, while X-
ray with negative momentum excites 37.5% spin-up electrons at L3 edge and 
75% spin-up electrons at L2 edge. In this case the dichroic effect at L3 and L2 
edges are in opposite sign.  
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2.5.2 XMCD measurement  
There are three modes to do XMCD measurement. The total electron yield 
mode is surface sensitive technique, generally obtaining information from 1-5 
nm film, while total fluorescence yield (TFY) and reflectivity (XRMR - x-ray 
resonant magnetic reflectivity) mode are more bulk sensitive. These different 
detection modes could provide more information than the traditional magnetic 
properties measurement equipment, such as SQUID. XMCD is element 
sensitive and position sensitive, and could be a good complement to the 
SQUID measurement. In this thesis, the XMCD measurement was performed 
at beamline 4-ID-C at the Advanced Photon Source (APS) in Argonne 
National Laboratory (ANL), and the detailed parameters about the 
measurement would be discussed in corresponding chapters.  
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Chapter 3 Crystal structure of Pr0.67Sr0.33MnO3 films  
Film properties and the related device performance largely depend on the 
film crystal structure, such as the lattice-mismatch induced strain between 
substrate and film [80-82]. In ideal perovskite cubic structure ABO3, all 
oxygen atoms locate at the face center of the unit cell. However in manganite 
this is not always the case and the real crystal structure may deviate from the 
cubic structure. For example if the BO6 octahedron rotates around three axes 
in a particular pattern, the oxygen would be no longer at the face center 
anymore. Then both the bond length and bond angle changes correspondingly. 
In these distorted perovskite ABO3, there are three ways to accommodate the 
structure distortion [83]: cation displacement, distortion of the BO6 octahedron, 
and the rotation of the BO6 octahedron. In rare earth doped manganite both the 
octahedral rotation and the octahedral distortion may occur. For manganite 
thin films on single crystal substrate, the crystal structure of film would be 
different from that of bulk. Besides the lattice constant change due to the 
lattice mismatch between film and substrate, the arrangement of MnO6 
octahedron may be affected by imposed strains. The MnO6 octahedral 
rotation/distortion caused the Mn-O bond length and Mn-O-Mn bond angle to 
change could affect the electron hopping probability among the two closest 
Mn sites through the bridging oxygen [84], which in turn may modulate the 
interaction intensity in double-exchange coupling. It is necessary to study the 
details of correlation of crystal structure with strain.  
In this chapter, the crystal structure of Pr0.67Sr0.33MnO3 (PSMO) thin films 
on different substrates would be discussed based on both integer diffraction 
peaks (hkl, all h, k, l are integer) and half-integer diffraction peaks (hkl, at least 
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one of these h, k, l, is (2n+1)/2, n is integer) results [82]. The details on the 
definition of integer and half-integer diffractions are found in Chapter 2.  
3.1 Experimental details  
Pr0.67Sr0.33MnO3 (PSMO) films (12 nm) were grown on (001) SrTiO3 
(STO, a = 3.905 Å) [85], (110) NdGaO3 (NGO, a ~ 3.860 Å) [86], and (001) 
LaAlO3 (LAO, a = 3.790 Å) [87] single crystal substrate by pulsed laser 
deposition. Different substrates were chosen to demonstrate the different film-
substrate lattice mismatch effects. The crystal structure of bulk PSMO is 
orthorhombic. The orthorhombic NGO substrate served as the reference of 
strain-free situation. The substrate was maintained at 780 °C in a 200 mTorr 
oxygen atmosphere during film growth. The energy of 248 nm KrF excimer 
laser beam was 90 mJ and the pulse frequency was 5 Hz. After deposition, the 
films were cooled to room temperature at 20 °C/min. The crystal structure of 
the films was studied using a four-circle diffractometer at the Singapore 
Synchrotron Light Source (SSLS), Singapore.  
 
Figure 3.1 Illustration of octahedral rotation around three axes.  
As mentioned in Chapter 2, the octahedral rotation would double the 
length of the periodicity and therefore produce some extra half-integer peaks. 
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The following is a discussion of the Glazer notation which is used to describe 
the octahedral rotation in ABO3 structure. A discussion is also provided to 
show how the rotations cause the appearance of half-integer peaks taking in-
phase/out-of-phase rotation around c axis as an example.  
In 1975, Glazer [42-43] summarized a simple way to describe the 
octahedral rotation in ideal perovskite structure ABO3. This notation has been 
used as the standard for this kind of study [83]. For a particular BO6 
octahedral rotation, Glazer decomposed it into three rotations around three 
Cartesian axes going through its octahedral center as shown in Figure 3.1. 
Around each axis, the rotation could be labeled using two parameters. The first 
one is to identify the magnitude of rotation around this axis relative to the 
other axes. For example aaa means the rotation angle around three axes are 
same; aac means that the rotation angle around c axis is different from that of 
a and b. The second one is a superscript to identify the rotation directions of 
two neighboring octahedra along this particular axis. If two neighboring 
octahedra along one particular axis rotate in the same direction (both 
clockwise/anticlockwise) about this axis, it may be labeled as “+” (known as 
in-phase rotation); if they are in opposite direction (one clockwise and one 
anticlockwise), it may be labeled as “-” (known as out-of-phase rotation); and 







 means the two neighboring octahedra along a axis rotate 
around a axis in the same direction; two neighboring octahedra along b axis 
rotate around b axis in the opposite direction, and the rotation angle value is as 
the same as that around a axis; there is no rotation around c axis. For the 
octahedra in the plane perpendicular to the rotation axis, two neighboring 
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octahedra rotate around that axis in opposite directions. The 2D view of 












 pattern is shown in Figure 3.2. Glazer 
discussed the cubic ABO3 structure without BO6 octahedral distortion, which 
is not always the case particularly where the crystal structure distortion in thin 
film is possible. However the Glazer notations still are useful because no 
matter it is cubic or not, the octahedral rotation may double the periodic length 
and cause the appearance of half-integer peaks [88-89].  
 













The rhombus with blue border represent octahedron at the same layer, and that 
with red border represent octahedron at another same layer. Note that in 
Figure (b) the side view of two layers octahedra are fully overlapped.  
To show how octahedral rotation may cause the appearance of half-






 rotation is used as example to discuss the 
appearance of half-integer diffraction peak (0.5 1.5 0). This may yield insight 
for a particular rotation pattern because any octahedral rotation may be 
decoupled into rotations around three axes. Note that this half-integer 
diffraction peak arises from the oxygen scattering contribution [42]. Due to 
that the (0.5 1.5 0) plane is parallel to the Z axis and two connecting octahedra 
layer along the Z axis has the same atomic arrangement, the space 
arrangement of MnO6 layer with the Mn at the XY plane is enough to 
demonstrate the atomic position of this structure. Only the rotations around c 
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axis exist, the coordinate values of Z for all atoms do not change. For this 
MnO6 layer, the two oxygen atoms out of the XY plane do not change due to 
the rotation axis going through them, and only the coordinates of oxygen 
atoms in the XY plane change.  
 
 













. The green dashed line is where (0.5 1.5 0) 
plane intersects with XY plane, and black solid line is along [0.5 1.5 0] 
direction. Please refer to text for details.  
As shown in Figure 3.3, the [0.5 1.5 0] direction is perpendicuar to the 
(0.5 1.5 0) plane, and periodic length along [0.5 1.5 0] directions is doubled in 
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, which could cause the 
appearance of (0.5 1.5 0) peak according to the discussion in Chapter 2. The 
periodic length is highlighted in big red circles in these figures. The above 
discussion for c
+




.   






 rotation, which causes the appearance of the 
half-integer diffraction peak (0.5 1.5 0.5). The (0.5 1.5 0.5) plane is not 
parallel to any of these three Cartesian axes, and intersects with XY, YZ, and 
ZX planes, respectively, as shown in Figure 3.4. In order to give a clear 
illustration of c
-
 rotation, the atomic positions on XY, YZ, and ZX planes are 
first shown, respectively, followed by discussion of the c
-
 rotation.  
 
Figure 3.4 Illustration of (0.5 1.5 0.5) plane intersect with three XY, YZ, ZX 


















. The green dashed line is where (0.5 1.5 0.5) 
plane intersects with XY plane, and black solid line is along [0.5 1.5 0] 


















. The green dashed line is where (0.5 1.5 0.5) 
plane intersects with XZ plane, and black solid line is along [0.5 0 0.5] 


















. The green dashed line is where (0.5 1.5 0.5) 
plane intersects with YZ plane, and black solid line is along [0 1.5 0.5] 
direction. Please refer to text for details.   
Taking XY plane as example, as shown Figure 3.5, the (0.5 1.5 0.5) plane 
intersects with the XY plane at the green dashed line, and the [0.5 1.5 0] 
direction is perpendicular to the green line. Similarly only coordinates of 
oxygen in the XY plane change. Comparing the cases with/without octahedral 
rotation, the periodic length along the [0.5 1.5 0] direction is doubled as 
53 
 
labeled by big red solid circle due to the rotation. Figure 3.6 and Figure 3.7 
show the atomic arrangement in XZ and YZ planes. Note that in these figures, 
solid red circles represent oxygen in the XZ, YZ plane, while the open red 
circles with solid line and dashed line represent the oxygen above or below the 
plane. Similarly the periodic length doubles along the direction perpendicular 
to the intersection lines, [0.5, 0, 0.5] direction in XZ plane and [0, 1.5, 0.5] 
direction in YZ plane. Combining these three 2D discussions and Figure 3.4, it 
can be summarized that the periodic length along the [0.5 1.5 0.5] direction is 
also doubled, and the c
-
 rotation causes the appearance of (0.5 1.5 0.5) peak. 





As discussed above, the doubling of periodic length leads to appearance 
of half-integer diffraction peaks. In manganite film, by choosing several 
featured half-integer peaks [42-43], the rotation patterns of MnO6 octahedra 
may be identified by the Glazer notation. Furthermore, the rotation angle may 
be obtained by fitting these peak intensities, and then the bond length and 
bond angle may be calculated from the above structural information.  
3.2 Results and Discussion  
This part will discuss the crystal structure of PSMO films on three 
different single crystal substrates: Using integer-diffraction (normal X-ray 
diffraction) to decide the ABO3 unit cell parameters, and half-integer 
diffraction to study the MnO6 octahedral rotation.  
3.2.1 Integer Diffraction  
The crystal structures of PSMO films on (001) SrTiO3 (STO) substrate, 
from the measurement using a four-circle diffractometer, are shown in Figure 
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3.8. The L scans around (002) diffraction, and (   ) (013) (002) reciprocal 
space mapping (RSM) shows the diffraction from PSMO films on STO 
substrate. In the L scan curve, a finite thickness fringes appeared, which was 
due to the reflection at the film surface and the film-substrate interface [90]. 
The film thickness could be calculated using the equation,  
  (     )    (           )                       (3-1) 
where   ,    is the order of thickness oscillation, and   ,    is the 
corresponded incident angle. The calculated film thickness was 11.6 nm, 
which was close to the nominal thickness (12 nm). These obvious oscillations 
suggested a high quality PSMO film with a sooth film surface, and a smooth 
interface between the substrate and the film.  
The high-resolution RSM, symmetrical and asymmetrical reflections 
measured at room temperature were used to determine the lattice constants of 
in-plane tensile strained PSMO film on STO substrate. From the (   ) RSM, 
the H value of PSMO films was the same as that of substrates, which indicated 
that the in-plane lattice constant a was the same for PSMO film with that of 
the STO substrate. Similarly the information about lattice constant b could be 
obtained from the (013) RSM, which was also the same with that of the 
substrate. The in-plane lattices of films were fully strained by STO substrates. 
The out-of-plane lattice of PSMO film could be calculated from the peak 
positions in 00L scans. The calculated PSMO film lattice constants on STO 
substrate were: af, STO = bf, STO =3.905 Å, cf, STO = 3.806 Å, αf, STO = βf, STO = γf, 
STO = 90˚ ± 0.2˚. Similarly for the in-plane compressive strained PSMO film 
on (001) LaAlO3 (LAO) substrate, as shown in Figure 3.9, the calculated 
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values were: af, LAO = bf, LAO =3.790 Å, cf, LAO = 3.953 Å, αf, LAO = βf, LAO = γf, 
LAO = 90˚ ± 0.2˚.  
 
Figure 3.8 (a) L scan around (002) point, and (b)-(e) reciprocal space mapping 
(RSM) around (002) (-103) (013) points for 12 nm PSMO film on (001) 




Figure 3.9 (a) L scan around (002) point, and (b)-(e) reciprocal space mapping 
(RSM) around (002) (-103) (013) points for 12 nm PSMO film on (001) 




Figure 3.10 (a) L scan around (002) point, and (b)-(e) reciprocal space 
mapping (RSM) around (002) (-103) (013) points for 12 nm PSMO film on 
(110) NdGaO3 substrate.   
For the PSMO film on (110) NdGaO3 (NGO) substrate, the film signal 
was overlapped by the strong substrate signal as shown in Figure 3.10, but the 
thickness oscillations from L scan and RSM showed that the film had a good 
quality. Although the PSMO main peak was hard be separated from that of 
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NGO substrate peak, the midpoint of +1 order thickness oscillation and -1 
order thickness oscillation could be viewed as the main peak position of 
PSMO film. The calculated out-of-plane lattice was cf, NGO = 3.867 Å, the in-
plane lattice were fully strained by NGO substrate af, NGO = 3.863 Å, bf, NGO 
=3.854 Å. A carful observation indicated that the RSM around  (   ) and 
(013) of film were different. In order to understand the origin of this difference, 
the L scan and RSM around  (   ) and (103) diffractions are shown in Figure 
3.11. It is clear that the  (   ) diffraction peak of PSMO film was on the high 
L side of substrate diffraction, whereas the (103) diffraction was on the low L 
side of substrate diffraction. In addition, similar L scans and RSM were 
measured around(   ) and (013) points, which showed no difference.  
 
Figure 3.11 (a)-(b) reciprocal space mapping (RSM), and (c)-(d) L scan 




Figure 3.12 Illustration of (a) basis vector in real space and reciprocal space 
for NdGaO3, (b) reciprocal space mapping for PSMO film on (110) NGO 
substrate, (c) the growth orientation of PSMO film on NGO substrate. Note 
that the pseudo-cubic structure index is used here.  
From the above experimental results, the difference of (   ) and (103) 
diffractions may rely on the relationship of the basis vectors between the 
substrate and PSMO film. The crystal structure of NGO is orthorhombic [44],
 
and the calculated pseudo-cubic structure for an {110} type substrate is: as = 
3.863 Å, bs = 3.854 Å, cs = 3.863 Å, αs = 90˚, βs = 90.7˚, γs = 90˚. The space 
arrangement of basis vector for NGO substrate in both real space and 
reciprocal space are shown in Figure 3.12 (a).  Note that the reciprocal space 
vector as* and cs* are not perpendicular to each other, and the bs* is 
perpendicular to the as*cs* plane. From the XRD results, the angle (αf, NGO, βf, 
NGO, γf, NGO) for PSMO film were 90˚ within the experimental error, i.e., the 
corresponding reciprocal space vector af, NGO*, bf, NGO* and cf, NGO* for films 
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were perpendicular to each other. As revealed in Figure 3.12 (b), the (   ) 
peak of PSMO film was at the high L side of (   ) peak of NGO substrate, 
whereas it was opposite for the (103) diffraction. These results were consistent 
with the L scans and RSM experimental results. The orientation relationship 
between the PSMO film and NGO substrate is shown in Figure 3.12 (c). In the 
film plane lattice a and b of PSMO film were parallel to that of substrate, 
while the out of plane lattice c of film was perpendicular to the film plane and 
along the [110] direction of NGO substrate, but not parallel to the pseudo-
cubic cs direction of the NGO substrate.  
Table 3-1 lattice constants, mismatch and octahedral tilt pattern of PSMO 
films on three different substrates.  
Sample 






















































As summarized in Table 3-1, compared with bulk materials the out-of-
plane lattice c increased for the film on LAO (denoted as Inc) due to the in-
plane compressive strain (in-plane lattice decreased, denoted as Dec); the out-
of-plane lattice c decreased for the film on STO (Dec) due to the in-plane 
tensile strain (in-plane lattice increased, Inc); for the film on NGO substrate it 
was nearly strain free due to very small lattice mismatch (little change in both 
in-plane and out-of-plane lattice constant, denoted as Lit). The XRD results 
showed that these 12 nm films on three substrates were fully strained to their 
substrates. But under different strain conditions, the films showed different 
strain anisotropy along the in-plane and out-of-plane directions. The different 
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strain conditions affected the MnO6 octahedral rotation pattern as shown in 
Table 3-1, which will be discussed in detail later.  
3.2.2 Half-integer diffraction  
 
Figure 3.13 Illustration of half-integer diffraction for PSMO film on (a) 
SrTiO3, (b) LaAlO3 substrate.   
In addition to the effects of change of lattice constant via octahedral 
distortions, the octahedral rotations in epitaxial films may occur and is 
important to the electronic structure, which could control the Mn-O-Mn bond 
angles to tailor materials properties [91]. The half-integer diffraction was 
employed here to study the octahedral rotation in PSMO films. The rotation 
pattern was identified by checking presence/absence of specific half-integer 
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Bragg peaks according to Glazer notation. As shown in Figure 3.13, the 
example of half-integer diffraction peaks for PSMO film on STO and LAO 
appeared. From the position difference of PSMO films on these two substrates, 
the films were under different strain conditions, and the appearance of peaks 
indicated that the MnO6 rotation existed in these two films. In order to identify 
the MnO6 octahedral rotation pattern, additional half-integer diffraction peaks 
were required.  
 
Figure 3.14 Several half-integer diffraction spectra for PSMO film on (001) 
SrTiO3 substrate. The vertical axis is the intensity.  
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According to the Glazer notation [42-43], the diffraction peaks were 
chosen based on following rules:  
(1) a+ produces reflections (even/2 odd/2 odd/2) with k is not equal 
with l, such as (0 0.5 1.5), (0 1.5 0.5);  
(2) b+ produces reflections (odd/2 even/2 odd/2) with h is not equal 
with l, such as (0.5 0 1.5), (1.5 0 0.5);       
(3) c+ produces reflections (odd/2 odd/2 even/2) with h is not equal 
with k, such as (0.5 1.5 1), (1.5 0.5 1);         
(4) a- produces reflections (odd/2 odd/2 odd/2) with k is not equal 
with l, such as (0.5 0.5 1.5), (0.5 1.5 0.5);  
(5) b- produces reflections (odd/2 odd/2 odd/2) with h is not equal 
with l, such as (0.5 0.5 1.5), (1.5 0.5 0.5);  
(6) c- produces reflections (odd/2 odd/2 odd/2) with h is not equal 
with k, such as (0.5 1.5 0.5), (1.5 0.5 0.5).  
Taking PSMO film on STO substrate as example, the (0 0.5 1.5) peak was 
chosen to check the presence/absence of a
+
, and no such peaks appeared in the 
experiment as shown in Figure 3.14; the (0.5 0 1.5) peak was chosen to check 
the presence/absence of b
+
 and also no such peaks were detected in the 
experiment; the (0.5 1.5 2) was chosen to check the presence/absence of c
+
, 
and no such peaks were detected. As the same time, the presence of (0.5 0.5 




; the presence of (1.5 0.5 1.5) 









. For PSMO film on STO, a, b axes should be equivalent. It 

























 with 0˚ rotation angle 
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 gave a 






 (to be discussed later). There was no sign 
of TiO6 octahedral rotation in STO substrate, which was in consistent with 
previous report on bulk SrTiO3 [92].  
 
Figure 3.15 Several half-integer diffraction spectra for PSMO film on (001) 
LaAlO3 substrate. The vertical axis is the intensity.  
The half-integer diffraction spectra for PSMO on LAO substrate are 
shown in Figure 3.15. The absence of (0 0.5 1.5) peak indicated the absence of 
a
+
 in both film and substrate; the absence of (0.5 0 1.5) peak indicated the 
absence of b
+
 in both film and substrate; the absence of (0.5 1.5 2) indicated 
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the absence of c
+
 in both film and substrate; the absence of (0.5 0.5 1.5) peak 




 in film, and the presence of 




 in LAO 










 in both film and substrate. To summarize the above 




















 in consideration that the a, b, c axes were equivalent in LAO substrate. 
The rotation pattern of LAO substrate was consistent with previous report [93].  
Similarly half-integer diffraction spectra for PSMO on NGO substrate are 
shown in Figure 3.16. The absence of (0 0.5 1.5) peak indicated the absence of 
a
+
 in both film and substrate; the presence of (0.5 0 3.5) peak indicated the 
presence of b
+
 in both film and substrate; the absence of (0.5 1.5 2) indicated 
the absence of c
+
 in both film and substrate; the absence of (0.5 0.5 1.5) peak 




 in film, and the presence of 




 in NGO 





 in film, and the presence of (0.5 1.5 1.5) peak of substrate 




 in NGO substrate; the presence of (1.5 0.5 




 in both film and substrate. To 
summarize the above experimental results, the tilt pattern in PSMO film on 



















 in consideration that the a, c axes were equivalent in 
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NGO substrate. The rotation pattern of NGO substrate was consistent with the 
previous report [94].  
 
Figure 3.16 Several half-integer diffraction spectra for PSMO film on (110) 
NdGaO3 substrate. The vertical axis is the intensity.  
After all rotation pattern were identified in three PSMO films grown on 
three different substrates (summarized in Table 3-1), the bond angle and bond 
length in MnO6 octahedron may be obtained by fitting the half-integer 
diffraction peaks intensity, as shown in the following.  
In the octahedral rotation, the rotation of one octahedron would affect the 
nearest octahedra to rotate in a special way in order to maintain the continuity 
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of the crystal structure. Inside one particular octahedron, there are eight 
combinations of clockwise/counterclockwise rotations along three axes all 
exist [95]. Only four of them (domain) have different structural factors. The 
relative frequency of these four domains has to be determined due to that the 
diffraction intensity is determined not only by the structural factor, but also by 
the volume (the quantity of materials that is involved in the scattering process). 
For details of the fitting process, please refer to the Appendix A.  
 
Figure 3.17 Several half-integer peaks to determine the relative frequency of 
domains for PSMO film on (001) SrTiO3 substrate.  
The relative frequency of these four domains could be determined by a set 
of half-integer diffraction with fixed L. For the PSMO film on STO substrate, 
four peaks (0.5 -0.5 1.5), (-0.5 0.5 1.5), (-0.5 -0.5 1.5) (0.5 0.5 1.5) were 
chosen as shown in Figure 3.17. The ratio of four domains was 2:1.3:1:1, 
which were used to calculate the half-integer diffraction intensity; for film on 
LAO substrate, the octahedra only rotated around one axis, and there was no 
need to consider the relative frequency of domain; for film on NGO substrate 
due to the overlapping of signal from film and substrate, the peak intensity of 
PSMO film could not be separated from that of NGO substrate. Thus the 
domains ratio was simplified to be equal for all domains during the intensity 
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fitting and only three peaks intensity were used to calculate the tilt angle. The 
calculated intensity was based on the equation [96],
 
 
    
 
   ( )
 
   (  )
(∑   
 
   |    |
 )                              (3-2) 
where    is the incident X-ray intensity,   is incident photon angle,    is 
scattering angle; Dj is the relative volume fraction of structural domains; Fhkl 
is the structure factor for the oxygen atoms, which could be described as,  
          ∑     ,   (           )-
  
                      (3-3) 
where oxygen position is given by (un, vn, wn), and      is form factor from 
previous tabulated value [97-98]. The fitting process was conducted by written 
code using Maple program (refer to Appendix B for the code details). The 
comparison of experimental and calculated peaks intensities are shown in 
Table 3-2. The rotation angle (αT, βT, γT) from the fitting results for PSMO 
film was (4.5˚, 4.5˚, 8.0˚) on (001) SrTiO3 substrate, (0˚, 0˚, 6.8˚) on (001) 
LaAlO3 substrate, and (0˚, 5.7˚, 3.3˚) on (110) NdGaO3 substrate, respectively.  
Table 3-2 Comparison of experimental and calculated half-integer diffraction 
intensities for PSMO film on (a) (001) LaAlO3, (b) (110) NdGaO3, (c) (001) 





Figure 3.18 (a) summary of strain induced crystal structure distortion, bond 
length, bond angle and octahedral tilt; the calculated MnO6 octahedral 
arrangement for PSMO film on (b) LAO, (c) NGO, (d) STO substrates. αB, βB, 
and γB indicate the bond angle, and αT, βT, and γT indicate the octahedral tilt 
angle around axis; inside the bracket is the error bar.  
After the determination of rotation angles, the atomic position of all 
oxygen could be determined. In the whole fitting process, the unit cell size 
was fixed and the Pr/Sr located at the corner of the cubic structure, while the 
Mn located at the body center of cubic structure [99]. The obtained 
information of atomic arrangement could then be used to calculate the Mn-O-
Mn bond angles and Mn-O bond lengths, which was done by software 
“Diamond” in this thesis [100]. The fitted octahedra; tilt angles, Mn-O-Mn 
bond angles and Mn-O bond lengths are summarized and shown in Figure 
3.18. In addition, the side views of MnO6 octahedra for these three films are 
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shown here too. The PSMO films on three different substrates clearly showed 
different tilt patterns and the strain significantly modified both the bond 
lengths and bond angles of the MnO6 octahedra. The in-plane compressive 
strain suppressed the octahedral tilt around the two in-plane axes, whereas the 
tensile strain induced a relatively large angle tilt around the three axes without 
any tilt detected in the TiO6 octahedra of the substrate. The lattice constants of 
many mixed-valence manganites are generally in the range of ~ 3.8 Å to ~ 3.9 
Å. The substrates used in this thesis study had different lattice constants, 
making it possible to induce different strains on the deposited films. The 
induced strains could affect the MnO6 octahedral rotation, which may result in 
the change of properties. Such understanding may be useful to design of 
properties based on strain modulation in other manganite systems.  
3.3 Summary  
The Pr0.67Sr0.33MnO3 films on three substrates showed good film qualities. 
These films were under different strain conditions compared to that of bulk: 
in-plane tensile strain and out-of-plane compressive strain on (001) SrTiO3; 
almost strain free along in-plane and out-of-plane directions on (110) NdGaO3; 
in-plane compressive strain and out-of-plane tensile strain on (001) LaAlO3. 
The half-integer diffraction results revealed that the strain affected the MnO6 
octahedral tilt pattern. The anisotropic strain caused the anisotropic Mn-O 
bond length and bond angle in these three films along the in-plane and out-of-
plane directions, which would affect the electronic structure and the X-ray 
absorption spectrum significantly.  
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Chapter 4 Anisotropic electronic charge transfer in Pr0.67Sr0.33MnO3 
films  
In strongly correlated electron systems such as transition metal oxides, the 
electronic interactions play an important role in determining the material 
properties such as high Tc superconductivity and colossal magnetoresistance 
(CMR) [2]. The electronic structure is correlated with the local environment, 
which is essential in understanding the material properties. For example, in the 
MnO6 octahedron of manganite in Figure 4.1 (a), the crystal field from the 
surrounding oxygen ligands affects the electronic structure of magnetic Mn 
ions and the corresponding magnetic properties such as Curie temperature Tc. 
Furthermore, due to hybridization between Mn 3d orbitals and O 2p orbitals in 
Figure 4.1 (b), there exists a mixture of O 2p orbitals on the Mn site. The 
electronic structure with n electrons in Mn 3d orbitals may be described as a 




L. The L refers to the O ligands, 
and L indicates one hole in the O ligands, resulting from the electron transfer 
from O 2p to empty Mn 3d orbitals [101]. This charge transfer process is 
important to describe the electronic structure in these systems, from which the 
transferred electron could screen the Coulomb interaction between electrons 
on Mn site [102-103]. Anisotropic strain induced by lattice mismatch between 
substrate and film may modulate the charge transfer between oxygen ligands 
and the Mn ion. As revealed in chapter 3 when the interatomic distance [104] 
between the Mn ion and oxygen ions changes, electronic properties are 
expected to change.  
X-ray absorption near edge structure (XANES) spectroscopy is a 
powerful tool to investigate the electronic structures [105], which may be 
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affected by the charge transfer between absorbing and its neighbor atoms 
[106]. The charge transfer of an electron to Mn 3d orbital modifies the energy 
levels of the orbitals, which can be revealed in XANES. Furthermore, the 
charge transfer probability may be detected by polarized light, making the 
polarization dependent XANES a promising tool to study the anisotropic 









 orbitals, due to the similar probability of in-plane (from oxygen 




) and out-of-plane charge transfer (from oxygen 




) channels, there would be no noticeable 




L configurations in polarized 
transition metal K edge XANES spectra. Although in bulk doped manganite 
both in-plane and out-of-plane charge transfer channels are effectively open 
[105], the two charge transfer channels could be modified in thin films 
deposited on a single crystal substrate due to the anisotropic strain generally 
established along the in-plane and out-of-plane directions. In this chapter, the 
electronic structure of strained Pr0.67Sr0.33MnO3 (PSMO) films on different 
substrates are investigated using polarized XANES, and the magnetic 
properties are also discussed.  
 
Figure 4.1 (a) illustration of MnO6 octahedron in manganite; (b) bonding 
between Mn         and O 2p orbitals, and Δ is the charge transfer process 
from O 2p to Mn         orbital.  
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4.1 Experimental details  
From the crystal structure results of chapter 3, the Pr0.67Sr0.33MnO3 
(PSMO) thin films on (001) SrTiO3 (STO), (110) NdGaO3 (NGO), and (001) 
LaAlO3 (LAO) substrates were under different strain conditions. The bond 
length and bond angle were anisotropic along the in-plane and out-of-plane 
directions. The XANES measurements were performed using linear polarized 
X-rays at the undulator beamline 20-ID-B of the Advanced Photon Source 
(APS), Argonne National Laboratory, USA. The Si (111) monochromator with 
resolution δE/E = 1.3 x 10-4 was used. The vertical and horizontal slit sizes 
before the Kirkpatrick-Baez (KB) focusing mirrors were 300 μm and 460 μm, 
respectively. The full width at half maximum (FWHM) of the focused X-ray 
beam was ~ 6 μm in both horizontal and vertical directions. The XANES was 
collected in fluorescence mode using a 12-element Ge solid-state detector. 
Details on the beamline optics and instruments can be found elsewhere [107-
108]. A Mn metal foil placed to intercept a scattered beam was used as an 
online check of the monochromator energy calibration [109]. The ab initio 
XANES simulation was done using FEFF.8.4 code. The magnetic properties 
were measured using a superconducting quantum interference device (SQUID).  
4.2 Results and Discussion  
The example of Mn K edge XANES is shown in Figure 4.2, which was 
measured at room temperature with polarization vector (E vector) of X-ray in 
the film plane (parallel measurement). With the change of photon energy, the 
Mn K edge XANES spectra consisted of a feature A in the pre-edge region, an 





Figure 4.2 The example of Mn K edge XANES for PSMO film on STO 
substrate, parallel measurement  at room temperature.  
Feature A (~ 6540 eV) in the pre-edge region may be ascribed to the 
excitation from Mn 1s to Mn 3d orbitals due to hybridization
 
between Mn 4p 
and neighboring Mn 3d orbitals [110], as shown in Figure 4.3 (a). The intense 
main peak B (~ 6554 eV) was attributed to transitions from Mn 1s to Mn 4p 
orbitals [111]. The intensity of feature A and B demonstrated the unoccupied 
states of the Mn 3d and 4p orbitals, respectively. Feature C (~ 6563 eV) results 
from multiple scatterings from atoms around the absorbing Mn atom [72] as 
shown in Figure 4.3 (b). The change of feature C may be related to the 
changing local atomic environment. In this chapter, only the feature B is 
focused for discussing the anisotropic strain effects on the electronic structure 
in strained PSMO films on three different substrates.  
 
Figure 4.3 Illustration of (a) electron jumping during X-ray absorption for 
feature A, B, (b) multiple scattering for feature C.  
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4.2.1 Polarized Mn K edge XANES  
The electronic structure along one particular direction depends on the 
hybridization between orbitals of Mn and O stretching out along that direction 
spatially, and is related to the Mn-O bond length and bond angle [112]. 
Polarization dependent XANES was utilized to study the effects of anisotropic 
strain on the electronic structure, which is defined as follows: in parallel 
measurement, the polarization vector (E vector) was in the film plane, as 
shown in the inset of Figure 4.4 (b); in perpendicular case, the polarization 
vector was perpendicular to the film plane as shown in the inset of Figure 4.4 
(d). The detail of polarized XANES measurement has been introduced in 
Chapter 2.  
 
Figure 4.4 The measured Mn K edge XANES and the derivative curves in (a 
and b) parallel, and (c and d) perpendicular measurements; E means the 
electric field of X-ray; the insets in (b) and (d) show the direction of 
polarization in parallel and perpendicular measurement configurations; Inc, 
Dec, and Lit indicate the increase, decrease, and little change of lattice 
constant, respectively, along the direction of polarization, see text for details.  
76 
 
The polarization dependent Mn K edge XANES around the main 
absorption edge around 6555 eV of 12 nm PSMO films are shown in Figure 
4.4 (a) and (c), of which the intensity revealed the unoccupied states of the Mn 
4p orbitals. There were two characteristics in the main absorption peak.  
The first characteristic was that the resonance energy Er (maximum point) 
[113], was related to the degree of strain along the polarization direction. In 
the parallel measurements, the energy was the highest for the film on LAO 
(6555.8 eV), and the lowest for that on STO (6555.2 eV). In the perpendicular 
measurements, the energy was the lowest for the film on LAO (6554.9 eV), 
and the largest for that on STO (6555.7 eV). In both cases, the decrease of 
lattice constant (in-plane direction for film on LAO, or out-of-plane direction 
for film on STO) along the polarization direction drove the Er to higher energy. 
In addition, the XANES was anisotropic for the same sample in the two 
polarization dependent measurements. Taking the PSMO film on LAO as 
example, as shown in Table 3-1 in Chapter 3 the PSMO film experienced in-
plane compressive strain due to the lattice mismatch (-1.88%), which also 
caused an increase of out-of-plane lattice of PSMO film. In the parallel 
measurement, the polarization direction was along the in-plane compressive 
strain direction with higher Er (6555.8 eV); while in perpendicular 
measurement, the polarization direction was along the out-of-plane direction 
with lower Er (6554.9 eV). It was proposed that the Mn-O bond length could 
shift the energy position [114], and Natoli‟s rule described the relationship 
between the resonance absorption energy position Er and the bond length R to 
the nearest neighbors [113]. The relationship is expressed as follows:  
δEr ~ -2(δR/R0)                                              (4-1)  
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where δEr is the energy position shift, δR is the bond length change and R0 is 
the initial value. Figure 4.5 shows the relationship between energy shifts, δEr, 
with calculated bond-lengths from half-integer diffraction results along the 
polarization directions, which showed a good linear relationship. The 
polarization dependent XANES in these results suggested that the XANES 
shift was due to the anisotropic strain along in-plane and out-of-plane 
directions. Based on the XRD and XANES results, the macroscopic strain in 
films was modulated by the combination of the Mn-O bond length and bond 
angle at the molecular level.  
 
Figure 4.5 The relationship between the absorption energy position shift δEr 
and strain along the polarization direction; the parallel measurement of PSMO 
film on NGO substrate was taken as reference here. “||” means parallel 
measurement, and “⊥” means perpendicular measurement. The dashed line is 
guide for the eye.  
Besides the absorption position Er shift, the second characteristic was that 
the shape of the main absorption also changed, which may be seen from the 
derivative curves of the XANES [115-116], as shown in Figure 4.4 (b) and (d). 
The XANES normalization was conducted using the Athena software [117], 
the interpolative smoothing method with number of iterations of three was 
employed during data processing which did not change the absorption curve 
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noticeably, and the derivative curves are obtained from the smoothed XANES 
spectra. In both cases when the lattice constant along the polarization direction 
decreased, the derivative curves of absorption spectrum consisted of two sub-
peaks. In the parallel measurement, the Mn K edge XANES for film on LAO 
substrate had two sub-peaks in the derivative curve, 6552.4 eV (B1) and 
6553.7 eV (B2), respectively; in the perpendicular case, the intensity of the 
lower energy peak increased and the higher energy peak became invisible. A 
similar result was found for the film on the STO substrate with two sub-peaks 
in the perpendicular case, and only one peak was visible in the parallel case. 
Note that the two sub-peak positions for the film on the STO substrate were 
the same as those on the LAO substrate. The coexistence of ferromagnetic 
phase and antiferromagnetic phase in manganite was introduced to explain the 
materials properties [105],
 
however there was no direct experimental evidence 





valence in these materials system. Thus in this case the difference of two the 
sub-peaks (1.3 eV) was due to some other mechanism rather than the 
separated Mn ions regions with different chemical valences. The anisotropy of 
local environment rendered the hybridization between Mn 3d orbitals and O 
2p orbitals anisotropic inside the MnO6 octahedron. In anisotropically strained 
manganites, a large anisotropy in electronic structure would occur along two 
anisotropic strain directions due to the orbital overlap difference between Mn 
3d and O 2p [118]. Therefore it suggested that the anisotropic strain caused the 
shift of XANES spectrum and the anisotropy along the two polarized 
directions, which was supported by the FEFF simulation as discussed below.  
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4.2.2 XANES simulation  
In order to obtain further information on the origin of the XANES 
anisotropy, the XANES simulation was carried out with polarization along the 
(100) and (001) directions using the ab initio FEFF8.4 code [116]. Specifically, 
a cluster of 118 atoms with a size of 6 Å was applied for the calculation of 
full-multiple scattering (FMS), and a Hedin-Lundqvist exchange potential of 
2.0 eV was chosen to account for the broadening of the spectra. Atomic 
positions were given for a set of atoms whose centers were located at a 
distance Rc. The electric field vector polarization was defined in relation with 
the atomic structure orientation. The calculated spectra were normalized by 
the value at 6552.5 eV and a small energy shift of -2.4 eV has been applied to 
fit the edge position in the experimental data. The crystal structure obtained 
from XRD was applied in the calculation for Mn K XANES edge.  
 
Figure 4.6 The calculated Mn K edge XANES and the derivative curves in (a 
and b) parallel, and (c and d) perpendicular measurements.  
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Figure 4.6 (a) shows the calculated Mn K edge XANES with polarization 
vector along (100) direction (parallel configuration). The calculated XANES 
spectra revealed strain dependence: the maximum of the main absorption 
shifted to higher energy with the strain changing from tensile (STO) to 
compressive (LAO). From the derivative curve there were two sub-peaks 
around the main absorption (B1, B2). In compressive strain case (LAO), the 
intensity ratio of the higher energy peak (B2) to lower (B1) increased 
compared with that of tensile strain (STO), with the NGO case in between. 
This increased B2 intensity caused the total shift of XANES to higher energy 
in compressive strain. This was consistent with the experimental results: In the 
parallel configuration, the maximum shifted to higher energy in the LAO case. 
The energy difference between B1 and B2 in the simulation Figure 4.6 (b), 
was different from the experimental results in Figure 4.4 (b). This discrepancy 
perhaps came from the overestimation of the multiple scattering during 
simulation [119]. Since the simplified potential was used in the FEFF 
simulation [120] and probable crystal structural defects were ignored [121], 
the details of the simulated XANES curves were expected to appear somewhat 
different from the experimental ones. However, the trend with strain was the 
focus of this work. Figure 4.6 (c) and (d) show the calculated XANES with 
polarization vector along (001) direction (perpendicular configuration). It had 
a similar lattice constant-related behavior as the results for the polarization 
vector along the (100) direction: Along the direction with increased lattice 
constant (LAO), the maximum shifted to lower energy position, and the 
intensity of higher energy peak (B2) decreased. In these two polarization 
calculations, the energy positions of the two sub-peaks from the derivative 
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curve (B1 and B2) were the same. These simulations corroborated with the 
XANES anisotropy along the two directions found experimentally, which 
supported that the strain caused the XANES variations.  
4.2.3 Discussion on charge transfer 
In the strong correlated system such as manganite, the crystal field is used 
to analyze the Mn electronic structure and discuss materials properties. This 
crystal-field theory is improved by including the hybridization effect between 
the cation and the surrounding oxygen anions [101]. In manganite, the 
hybridization between Mn 3d orbitals and the surrounding O 2p orbitals in one 
MnO6 octahedron allows the hopping between the central transition-metal ion 
Mn and its ligands O (charge transfer). Depending on the orbital overlap, there 
will be a mixture of O 2p orbitals on the Mn site. The electronic structure with 





L. The L refers to the O ligands, and L 
indicates one hole in the O ligands, resulting from the electron transfer from O 
2p to empty Mn 3d orbitals. The energy levels obtained from a purely crystal 
field theory would change with the hybridization effect included. For example, 
the eg orbitals with the electron cloud stretch towards the negative charged 
oxygen ion and would hybridize with the oxygen 2p orbitals intensively, 
which will be more affected by the hybridization process than the t2g orbitals. 
The energy required to access the excited states would be affected. Besides the 
energy level, the excitation possibility is also affected by the transferred 





Figure 4.7 Illustration of X-ray absorption and charge transfer processes in the 
case of perpendicular measurement.   
The transferred electron from oxygen ligands would take the Mn 3d 
orbitals, and charge transfer happened only in the direction with empty orbital 









were empty, which enabled the charge transfer in the x-y plane (In-plane 
channel) and out of the x-y plane (Out-of-plane channel). When the E field of 
coming X-ray was along the Z direction as shown in Figure 4.7, the Mn 1s 
core electron would be excited to Mn 4pz orbital. The charge transfer from 
surrounding ligands may happen in two ways: the electron from in-plane O
2-
 




 orbital, or the 
electron from out-of-plane O
2-
 ions through the out-of-plane channel would 














orbitals, which could minimize the Coulomb interaction between the excited 
electron and the transferred electron. Hence, when the E field of incoming X-
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ray was along the Z direction, the in-plane charge transfer process was 
favorable, as demonstrated in Figure 4.7. Similarly for parallel measurement, 
when the E field of coming X-ray is in the x-y plane, the out-of-plane charge 
transfer process was favorable.  
The above discussion on charge transfer was based on bulk materials. 
Regardless of the measurement configuration (parallel or perpendicular), the 
charge process could happen effectively through either in-plane or out-of-
plane channel. However, in thin film, the situation would be different from 
that of bulk. The following would focus on the charge transfer process in 
PSMO films under different strain conditions. The strain not only shifted the 
position of Mn K-edge XANES, but also changed the individual component of 
the absorption. Previous work on transition metal K edge XANES reported the 
anisotropy in polarized measurements [122]. They attributed the sub-peaks to 
the energy level splitting of 4px, 4py, 4pz in a crystal field with reduced 
symmetry, and the peak positions were directly determined by the magnitude 
of the strain and changed gradually. In this thesis work the in-plane lattice 
change for the film on LAO was -1.88%, and the out-of-plane lattice change 
for film on STO was different (-1.40%). However, from the derivative curve 
of measured XAENS, the positions of two-sub peaks did not change. The 
simulation results also supported the same phenomenon. These results 
therefore implied that the XANES observations here were not due to the Mn 




Figure 4.8 Illustration of dominated charge transfer channel in (a) 
perpendicular, and (b) parallel cases; the red arrows indicate the charge 
transfer from O to Mn.  
Due to the strong hybridization between Mn 3d orbitals and the O 2p 
orbitals, the effect of hybridization was not trivial and could affect the charge 
transfer. During the X-ray photon excitations, the final state may have 
different electron configurations [123]. Generally, the final state could be 









The L refers to the O ligands, and L indicates one hole in the O ligands, 





 configuration, the Coulomb interaction between the Mn 1s core 
hole and the extra 3d electron lowers the total energy. Then the lower energy 




 final configuration, and the 




 final configuration [107]. When the 
polarization of X-ray photon was perpendicular to the film plane (the case of 
Figure 4.8 (a)), the excited Mn 1s core electron would fill the empty 4pz 
orbital, which is orthogonal to the x-y plane. Although the Mn 3d hybridized 
with 6 oxygen atoms in all x, y, z directions, the probability of transferring an 




 was limited due to the strong Coulomb 
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interaction between the excited 1s core electron in 4pz orbital and the 









 orbital). In this situation the dominant charge transfer 




 orbital through O 2px, 2py 
orbitals. Similarly, when the polarization of photon was in-plane (the case of 
Figure 4.8 (b)), the dominant charge transfer channel was the out-of-plane 




 orbital through 2pz orbitals.  
Taking perpendicular measurement as example, the in-plane channel 
dominated the charge transfer process. Along the in-plane direction, the tensile 
strain elongated the distance between Mn and O in PSMO film on STO 
substrate; and compressive strain shortened the Mn-O distance in PSMO film 
on LAO substrate; the Mn-O distance for PSMO film on NGO substrate was 
the intermediate case. The shortened in-plane distance between the Mn and O 
in PSMO film on LAO substrate tended to enlarge the orbital overlap, which 
increased the probability of in-plane channel charge transfer, and then the 




 configuration. This corresponded to the 
high intensity of lower energy absorption (B1) in the PSMO film on LAO 
substrate. This enhanced lower energy component caused the lower shift of the 
main absorption position. The same mechanism may be used to explain the 




Figure 4.9 The measured Mn K edge (upper) XANES and (lower) the 
derivative curves for PSMO film on STO substrate in parallel and 
perpendicular measurements.  
The XANES anisotropy along the in-plane and out-of-plane directions 
could also be explained using this charge transfer effect. Taking the film on 
STO substrate as an example, in the perpendicular measurement the in-plane 
channel dominated the charge transfer process, along the direction that the 
tensile strain elongated the distance between the Mn and O. The decreased 
orbital overlap decreased the probability of charge transfer, and then the 




 configuration. This corresponded to the 
low intensity of lower energy absorption (B1). In the parallel case, it was the 
opposite: the out-of-plane compressive strain increased the charge transfer 




 configuration and 




 configuration. This caused the 
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enhancement of the high energy absorption (B1), and it was this enhanced 
component that caused the lower shift of the main absorption position in 
parallel measurement for PSMO film on STO substrate. The same mechanism 
can be used to explain the results for the film on the LAO substrate. The 
polarized XANES provided direct evidence of the relationship between the 
anisotropic charge transfer and the strain that modified the Mn-O bond length 
and the charge transfer probability in perovskite.  
4.2.4 Magnetic properties of PSMO films  
In the above discussion, the anisotropy in the XANES absorption was 
attributed to the modulated orbital overlap between Mn 3d and O 2p orbitals. 
In the framework of the double-exchange model, the exchange interaction 
intensity (as revealed by the value of Curie temperature Tc) was proportional 
to electron hopping probability among the two Mn sites (    ), which was 
determined by the orbital overlap between Mn 3d and O 2p orbitals. To further 
identify the role of orbital overlap on the materials properties, Curie 
temperatures were calculated as follows [124],  
        ∑  (  ) ( 
 
 
)    
 
                          (4-2) 
 (  )  is the probability of the eg electron transferring from the    orbital 
(        or         ) of site i Mn to an O 2p orbital, and  ( 
 
 
) is the 
probability for transfer from an O 2p orbital to the      orbital of a 
neighboring site j Mn.      is the matrix element between p and d orbitals 
[125], and proportional to dMn-O
-3.5
.  
In strained PSMO films, Mn-O bond lengths and bond angles along the 
in-plane and out-of-plane directions were different. Considering the Mn-O 
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bonds and the ratio of electron occupancy in each eg orbitals [126], the 
equation (4-2) was rewritten as,  
         ∑  (  ) . 
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 (       )  is the ratio of electron occupancy in         orbitals, and 
    (       )   (        ). Using this equation and the crystal structure 
information from half-integer diffraction ( (       )    for the film on 
STO, 0 for the film on LAO, and 0.5 for the film on NGO), the calculated 
results are shown in Table I (Taking the PSMO/NGO sample as reference).   
Table 4-1 The comparison of  calculated electron hopping probability td-d 
between neighboring Mn sites and measured Curie temperature Tc (Taking 
film on NGO as reference); inside the bracket is the error bar.  
Sample td-d/td-d,NGO (Cal.) Tc/Tc,NGO (Exp.) 
PSMO/LAO 0.90 (0.05) 0.79 
PSMO/NGO 1 1 
PSMO/STO 0.78 (0.03) 0.65 
The calculated values were higher than the experimental results, which 
could arise from inaccuracy in estimating the effects of bond angle and 
occupancy ratio on two eg sub-orbitals. However, the film on LAO substrate 
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had the higher phase transition temperature compared to the film on the STO 
substrate due to a larger probability of electron hopping along the two in-plane 
directions, which was consistent with the experiment results (Figure 4.10 and 
summarized in Table 4-1). This calculation supported the conclusion from 
polarized XANES: The enhancement of charge transfer from O 2p to Mn 3d 
orbitals in the direction with compressive strain was from the larger overlap 
between Mn 3d and O 2p orbitals.  
 
Figure 4.10 Magnetization-Temperature (MT, left), and Magnetization-Field 
(MH, right) curves of PSMO films on the three substrates. The magnetic field 
was 100 Oe for the MT curves, and the curve was normalized for each sample. 
For PSMO/NGO, the MT curve below 50 K was removed due to the strong 
signal from the NGO substrate. The MH curves were measured at 50 K with 
the field along the in-plane and out-of-plane directions, respectively.  
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The magnetic anisotropy properties were also studied as shown in Fig. 
4.10. The magnetic easy axis was along the out-of-plane direction (increased 
Mn-O bond length) for PSMO/LAO, while it was along the in-plane direction 
(increased Mn-O bond length) for PSMO/STO. The strain effect was related to 
the magnetostriction effect:    
 
 
       ,    was the angle between 
stress and magnetization moment;   was the stress; the magnetostriction 
coefficient   was positive for PSMO. The in-plane compressive stress 
(PSMO/LAO) resulted in increased out-of-plane bond length and easy axis 
perpendicular to the film plane, and the in-plane tensile stress (PSMO/STO) 
resulted in increased in-plane bond length and easy axis within the film plane.  
4.3 Summary  
12 nm manganite PSMO films on (001) LAO, (110) NGO and (001) STO 
single crystal substrates were in different strain conditions. The macroscopic 
strain in thin film was modulated by the combination of the Mn-O bond length 
and bond angle at the molecular level. The strain along the polarization 
direction of the X-ray photon shifted the XANES spectrum due to the change 
of the Mn-O bond. The charge transfer was enhanced along the compressive 
strain direction due to the large overlap between Mn 3d and O 2p orbitals from 





configurations was connected to the charge transfer probability: the higher the 
charge transfer probability, the higher the probability of 3d
n+1
L configuration. 
The ratio change of these two configurations resulted in the shift of XANES 




Chapter 5 Effects of electric field on magnetization of Pr0.67Sr0.33MnO3 
film through strain mediation  
With the demands of miniaturization and high-efficiency in devices, the 
improvement in energy consumption and prevention of loss is necessary. The 
working process of devices requires energy consumption to effectively change 
properties of functional materials [127]. Electric field (E) is a useful route to 
control materials properties, both the electrical and magnetic properties, with 
improved prevention of energy loss. The modulation of materials properties 
through E field-induced strain in layered heterostructure has been 
demonstrated in Ni, LaMnO3 and CaMnO3 films deposited on piezoelectric 
(PE) substrate [57, 128]. When the materials properties correlate with the 
crystal structure and electronic structure, the change of materials properties is 
nontrivial with electric field induced strain. In this chapter, the electric field 
effect on the magnetic properties of manganite film has been studied, focusing 
on the magnetization. The electronic structure from simulation has been 
discussed to study the origin of the change of magnetic properties.  
5.1 Experiment Details 
The main strategy used here is to grow thin film on piezoelectric (PE) 
substrate first, and then applies electric field bias on the PE substrate; the 
electric field bias induced strain in the PE substrate would be transferred to the 
thin films [129]. The corresponding properties of thin film may change 
depending on the electric field-induced strain conditions. Figure 5.1 shows the 




Figure 5.1 Illustration of electric field effect on the piezoelectric substrate, and 
the connection between the electric field and structural strain.  
In order to obtain obvious response from the thin films to the electric field 
bias, materials with high piezoelectric coefficient is favorable. 
0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (PMNT) is typical piezoelectric materials 
with high PE coefficient [130], as shown in Table 5-1. The lattice constant of 
PMNT is also around 4 Å, which is close to most manganite materials. These 
above factors make PMNT a good candidate to study the effects of electric 
field on film properties. In this work, the (001) oriented PMNT substrate was 
chosen as substrate to grow manganite film. With the application of electric 
field on the PMNT along the (001) direction, the in-plane lattice constant 
would contract due to the negative value of d31 and d32, which indicates the 
change of in-plane lattice constant (a, b) with the electric field bias along the 
out-of-plane (001) direction. This induced in-plane compressive strain may be 
used as the strain source to control the properties of thin films.  
Table 5-1 Lattice constant, and piezoelecric coefficient of 
0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (PMNT).  
 
a (Å) b (Å) Piezoelectric coefficient (pC/N) 
PMNT 4.024 4.024 d31 = d32 ~ -1800, d33 > 2000 
The strong sensitivity to strain makes manganite potential candidates for 
the magnetic part in layered heterostructure [2] combing the magnetic film 
with the PE substrate. Perovskite Pr1-xSrxMnO3 is an intermediate bandwidth 
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material existing high Curie temperature and colossal magnetoresistance effect 
[12]. In layered heterostructure, electric field bias could induce strain in 
manganite film through converse PE effect of substrate. The strain applied on 
manganite film may cause crystal structure distortion (Jahn-Teller effect), 
which could induce the change of electronic structure, such as the energy level 








). According to the 
theoretical study [28], the manganite properties are strongly correlated with 
the orbital degree of freedom. Thus the change of 3d eg orbits from electric 
field-induced strain could cause corresponding changes in magnetic properties.  
The 80 nm Pr0.67Sr0.33MnO3 (PSMO) film was grown on the (001) PMNT 
single crystal substrate by pulsed laser deposition at substrate temperature 
630 °C, oxygen pressure 100 mTorr. X-ray diffraction (XRD) patterns of the 
PSMO/PMNT heterostructure were recorded using Bruker D8 X-ray 
diffractometer equipped with Cu Kα1 radiation. For in-situ XRD -2 scan, the 
bias E field were applied on the PMNT substrate with 2 from 44° to 50° at 
room temperature. The resistance of the PMNT substrate was estimated to be 
larger than 1×10
9
 Ω at room temperature using Keithley 2410 multimeter 
source. In order to improve the contact, 5 nm Au films were deposited on both 
sides of the sample as electrode. The magnetic properties were measured using 
superconducting quantum interference device (SQUID) with magnetic field 
applied in the film plane. The X-ray magnetic circular dichroic (XMCD) 
measurements at the L3,2 edges of Mn and M5,4 edges of Pr were performed 
with an applied in-plane magnetic field of 5 T. The XMCD measurements 
were conducted at beamline 4-ID-C at the Advanced Photon Source (APS) in 
Argonne National Laboratory (ANL) using reflectivity at a temperature of 80 
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K. The details of XMCD measurement configuration has been introduced in 
Chapter 2. The ab initio simulation was done using VASP.  
5.2 Results and Discussion 
5.2.1 Crystal structure  
In-situ XRD  - 2 scan of (001) PMNT substrate, as shown in Figure 5.2 
(a), shows the response of out-of-plane lattice parameter c to the E field bias. 
The lattice c was roughly linearly dependent on E field. The c values increased 
by 0.17% with E = +10 kV/cm. The electric field pointing to the top surface of 
PSMO film was defined as positive, and that pointing to the bottom of PMNT 
substrate was defined as negative in the following discussion. Cycling the E 
field from positive to negative, a butterfly-like hysteresis loop with coercive 
field around 3 kV/cm was observed, which was consistent with previous 
reported result for PMNT single crystal [56]. This butterfly-like strain-electric 
field hysteresis loop indicated a typical converse piezoelectric effect of PE 
materials [131], which meant that the (001) PMNT substrate could be used as 
strain source controlled by E field. Note that the PMNT substrate (002) 
diffraction peak could return to its initial state after removing the applied 
electric field, as shown in the Figure 5.2 (b), indicating the PE strain was 
reversible [129].  
Under the assumption of approximate volume conservation [132, 133], the 
out-of-plane expansion of 0.17% would be accompanied by - 0.08% of 
contraction in the two in-plane directions of PMNT substrate. In the case that 
the strain from PMNT substrate was effectively transferred to the PSMO film, 
the in-plane lattice of PSMO film was compressed. The inset of Figure 5.2 (a) 
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shows the  - 2 curve of PSMO/PMNT in the vicinity of (002) peak at 
different electric fields. There was a peak corresponding to the PSMO (002) 
reflection at the right of PMNT (002) peak. With the application of E field, 
(002) peak for both PMNT substrate and PSMO film shift to lower angle 
position, which means that the out-of-plane lattice constant increased. The 
calculated out-of-plane lattice of PSMO film was 3.857 Å for E = 0 kV/cm 
which was smaller than the bulk value 3.860 Å, and the calculated in-plane 
lattice was 3.866 Å with assumption of volume conservation. With the 
application of E = 6.7 kV/cm the out-of-plane lattice increased to 3.861 Å. 
From the in-situ XRD measurement, the electric field could tune the strain 
conditions on the PSMO film, which also affected the film properties.  
 
Figure 5.2 (a) PMNT Out-of-plane lattice dependence on bias E field. Inset: 
the θ - 2θ curve of PSMO/PMNT; (b) the comparison of PMNT (002) peak at 
0 V before and after high electric field application.  
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5.2.2 Magnetic properties  
 
Figure 5.3 (a) in-plane and (b) out-of-plane magnetization-magnetic field 
curves of PSMO/PMNT under bias E field at 100 K. The inset is the enlarged 
view of the M-H curve.  
Figure 5.3 shows the in-plane and out-of-plane M-H loop measured at 100 
K. The inset shows the enlarged part of M-H loops which illustrated that both 
the in-plane and out-of-plane magnetic moment increased with application of 
positive E field. It is well known that strain can induce the magnetization 
change due to the magnetostriction. The magnetostriction energy is [134],  
Eλ = -3λσcos
2α/2                                        (5-1) 
α is the angle between the stress and the magnetization moment; λ the 
magnetostriction coefficient; σ the stress. With the increase of the in-plane 
compressive strain, the easy axis of the induced anisotropy tended to rotate 
from the in-plane to the out-of-plane direction, as supported by previous 
published experiment results [135]. The out-of-plane magnetic moment should 
therefore increase, and the in-plane magnetic moment should decrease or 
remain constant at least when the bias was on if the change of magnetic 
moment was due to the magnetostriction effect. However, in our case the in-
plane magnetic moment was also observed to increase, which should be from 




Figure 5.4 Time scan of magnetic moment with different bias electric field at 
(a) 100K, and (b) 150K at 5000 Oe; The change of magnetic moment (Delta 
M) dependence on (c) measurement magnetic field at 100 K, and (d) on 
temperature with measurement magnetic field 5000 Oe. Please note that in (c-
d), they show the change of magnetic moment at different electric field bias (± 
6.7 kV/cm) with respect to the case without electric field bias.  
Figure 5.4 (a) shows the time scan of magnetic moment with electric field. 
During the measurement, the positive field bias + 6.7 kV/cm was first applied 
on PMNT substrate at room temperature, and the whole sample was then 
cooled down to 100 K. The magnetic moment was then measured under 
different electric field bias. The change of magnetic moment was in opposite 
sign for positive and negative E field, which was also reversible. For + 6.7 
kV/cm, the magnetic moment increased by 0.7 μemu (+ 0.45 %), while for - 
6.7 kV/cm, the magnetic moment decreased by 1.2 μemu (- 0.77 %). The 
calculated magnetoelectric coefficient            with E = - 6.7 kV/cm 
was 0.7×10
-8
 s/m, which was comparable with other manganite films on 
piezoelectric substrate (2×10
-8
 s/m) [56]. Figure 5.4 (c) summarizes the change 
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of magnetic moment dependence on measurement magnetic field at 100K. 
Under all magnetic fields, the change showed opposite signs for positive and 
negative E field. With the increase of magnetic field the change of magnetic 
moment increased and tended to saturate at 5000 Oe. In order to exclude the 
possibility that the change of magnetic moment was caused by other factors 
(such as PMNT substrate or leakage current), the same measurement on bare 
PMNT substrate without PSMO film was done. This control experiment did 
not show such change of magnetic moment.  
 
Figure 5.5 (a) Normalized XMCD measured at Mn L3, 2 edge at 80 K, with 5 T 
magnetic field in the film plane with electric field changing (a) from negative 
to positive, (b) from positive to negative. The inset shows the enlarge view at 
the peak. The arrow indicates the measurement sequence. The signal was 
collected in the reflectivity mode.  
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The above magnetic measurements were done with + 6.7 kV/cm applied 
on during the cooling process from room temperature to 100 K, in such case 
the positive E field caused the increase of magnetic moment while the 
negative field bias caused the decrease of magnetic moment. The similar 
measurement but with - 6.7 kV/cm applied on during the cooling process has 
also been done. The similar phenomenon was gotten, but with opposite 
polarization dependence: The positive E field caused decrease of magnetic 
moment while the negative field caused increase of magnetic moment.  
 
Figure 5.6 (a) X-ray reflectivity measured at Pr M5, 4 edge at 80 K, with the 
5000 Oe magnetic field parallel/antiparallel to the X-ray wave vector, and the 
electric field is 0 kV/cm; (b) the normalized XMCD obtained from X-ray 
reflectivity at different electric field bias.  
Both the Mn and Pr ions have net magnetic moment [136-137] and would 
order at low temperature. In order to understand the dependence of magnetic 
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moment on electric field, the Mn L3, 2 edge, and Pr M5, 4 edge XMCD were 
measured at 80 K as shown in Figure 5.5 and Figure 5.6. The positive electric 
bias + 6.7 kV/cm was applied on during the cooling process from room 
temperature to 80 K. At Mn L3, 2 edge, the positive electric field enhanced the 
intensity of XMCD signal, indicating the increase of magnetic moment at the 
Mn site. At Pr M5, 4 edge, the XMCD signal was very weak, and there was no 
obvious change with/without electric field bias. The changing trend of 
magnetic moment on electric field from XMCD measurement results was 
consistent with that from the SQUID results at 100 K. Based on the XMCD 
result, the dependence of magnetic moment of PSMO film on electric field 
arose from the Mn site, and the contribution from Pr site to the electric field 
dependence was not obvious and would be ignored hereafter.  
The temperature dependence of electric effect was also studied. The 
positive electric bias + 6.7 kV/cm was applied on during the cooling process 
from room temperature to the targeting temperature. As shown in in Figure 5.4 
(b), there was no change of magnetic moment with electric field - 6.7 kV/cm 
at 150 K, which was different from that at 100 K as shown in in Figure 5.4 (a). 
Figure 5.4 (d) shows the change of magnetic moment dependence on 
temperature with measurement magnetic field at 5000 Oe. For the whole range, 
the moment change for positive electric field remained almost constant. At 
low temperature (50 K, 100 K), the magnetic moment changes showed 
opposite signs for positive and negative bias electric field; at 150 K, only the 
positive electric field could cause moment change while there was no 
magnetic moment change for the negative field; at 200 K, both the positive 
and negative electric field caused comparable increase in magnetic moment.  
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In consideration of the strain-electric field loop as shown in Figure 5.7, 
the electric field induced strain was proposed to explain the above 
experimental phenomena - the polarization and the temperature dependence: 
The change of magnetic moment was due to the strain from the converse 
piezoelectric effect of PMNT substrate.  
 
Figure 5.7 Illustration of response to electric field in typical piezoelectric 
materials. Please refer to the text for details.  
The coercivity of strain-electric field hysteresis loop tended to increase 
with the decrease of temperature [138-139]. The change of magnetic moment 
dependence on temperature, for the case of positive electric field bias during 
the cooling process, could be understood as follows: at high T (200K), the 
electric field value 6.7 kV/cm was high enough to overcome the coercivity, 
corresponding to the points A and D for positive and negative electric field 
(Figure 5.7). The positive and negative electric field caused the same sign 
strain in PSMO film (both are out-of-plane tensile strain), and the change of 
magnetic moment was supposed to be in same sign; at low temperature (50 K, 
100 K), the electric field value 6.7 kV/cm was smaller than the coercivity. The 
strain was in opposite sign for negative and positive electric field, 
corresponding to the points B and C (one is out-of-plane tensile strain, and one 
is out-of-plane compressive strain), and the change of magnetic moment was 
102 
 
supposed to have opposite sign too. At 150 K, it was the intermediate situation, 
and the electric field value 6.7 kV/cm was around the coercivity. It therefore 
had no change of magnetic moment for negative electric field, while the 
positive E field could cause strain (out-of-plane tensile strain) in film and 
change of magnetic moment consequently due to the polarization history of 
the PMNT substrate during the cooling process. In summary, the out-of-plane 
tensile strain (in-plane compressive strain) caused the increase of magnetic 
moment, and the out-of-plane compressive strain (in-plane tensile strain) 
caused the decrease of magnetic moment.  
5.2.3 First principle simulation 
 
Figure 5.8 Simulation configuration used in this work. Three MnO layers are 
included to study the strain effect.  
First principle simulation using VASP package was done to study how the 
strain affected the materials properties. The simulation details are as follows: 
The electronic exchange-correlation and electron-ion interaction were 
described within a spin polarized generalized-gradient approximation (GGA) 
103 
 
and the projector augmented-wave (PAW) formalism, respectively. The plane 
wave basis set with a maximum kinetic energy of 500 eV and 6*6*1 k-point 
mesh generated by the Monkhorst-Pack scheme were adopted [140]. In this 
work, structural relaxations were performed along the z-axis until the largest 
force between the atoms worked out to be less than 1 meV/Å. Although in the 
experiment, the substrate is PMNT, the substrate composition detail was 
considered to be secondary in the strain effect simulation [141], and the lattice 
change was the main factor. The configuration in the simulation is shown in 
Figure 5.8. More simulation details were shown in Ref. [140].  
 
Figure 5.9  Calculated magnetic anisotropy of PSMO film with in-plane lattice 
constant. The inside arrows show the direction of magnetic easy axis under 
different strain conditions.  
The magnetic anisotropy was calculated as shown in Figure 5.9. The 
magnetic anisotropy energy (MAE) was determined by the force theorem and 
the calculation was based on the energy difference between the out-of-plane 
[001] and in-pane [100] magnetization directions [140]. Positive MAE meant 
that the easy axis was in the film plane and negative MAE meant that the easy 
axis was out of film plane. Figure 5.9 shows the MAE as a function of in-
plane lattice. As can be seen, the MAE changed monotonously with the 
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decrease of in-plane lattice. The MAE tended to change from the in-plane 
anisotropy to the out-of-plane anisotropy. This result is consistent with the 
magnetostriction analysis. However the MAE simulation results could not 
explain the in-plane MH behavior with electric field bias. Thus the in-plane 
magnetic moment enhancement with electric field bias was not due to the 
induced magnetic anisotropy from the magnetostriction effect.  
 
Figure 5.10 Dependence of calculated magnetic moment on in-plane lattice at 
the first Mn site, and Pr site close to the first Mn site.  
In Figure 5.10, the magnetic moment dependence on in-plane lattice is 
shown. The magnetic moment from the Mn in the first MnO layer showed an 
increase with the decrease of in-plane lattice (increase of out-of-plane lattice), 
while there was no change for Pr magnetic moment, which was consistent 
with the XMCD experiment results. Although Pr also has net magnetic 
moment at low temperature [137], the possibility that the change of magnetic 
moment originated from Pr site was ruled out based on the XMCD results. 
During experimental measurement with the electric field bias on the PMNT 
substrate, the in-plane lattice constant decreased and the magnetic moment 
increased. The simulation results supported the experimental phenomenon and 
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confirmed that in PSMO film the magnetic moment dependence on electric 
field was due to the strain effect.  
 
Figure 5.11 Calculated 3d density of orbital (DOS) on the 1st Mn site with in-
plane lattice 3.80 Angstrom.  
 
Figure 5.12 Dependence of calculated spin contribution from (a) eg and t2g 
orbitals and (b) two eg sub-orbits, on in-plane lattice constant.  
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In order to find out the origin of the change of magnetic moment, Figure 
5.11 shows the density of states (DOS) of the Mn site in the first MnO layer 
with lattice constant 3.80 Å. The spin-up t2g orbital was well below the Fermi 
level and the spin-down t2g orbital was above the level. The eg orbital had a 
considerable DOS around the Fermi level. The change of material properties 
could be attributed to eg orbitals. From Figure 5.12 (a), the spin moment 
contribution from the t2g did not change with lattice constant, while the 
contribution from eg orbitals showed obvious dependence on lattice constant.  
 
Figure 5.13 Illustration of Mn orbital energy level in bi-axial strain conditions.  
It was well known that each orbital of Mn ions in manganite has a 
different anisotropy of wave function and is coupled to the surrounding 
oxygen atom, which had a tight relationship with strain. The epitaxial strain 
could induce orbital polarization and cause different orbital occupancy. By 
varying the strain condition, the changes in orbital occupancy would in turn 
modulate the magnetic properties. Based on the definition of spin moment 
[142] (difference between the number of electrons in the majority and 
minority band), the change of calculated spin moment of two eg orbits had an 
obviously difference dependence on the lattice constant, as shown in Figure 
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5.12 (b). The orbital energy level for Mn at different strain condition is 
illustrated in Figure 5.13. The net effect of strain is that with the decrease of 
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 orbit decreased. From the view of crystal field 














increased, and then related contribution to magnetic moment became larger. 
The simulation results suggested that strain induced electron redistribution 
among these two eg orbits was responsible to the change of magnetic moment 
with electric field bias. The response of transport properties to electric field 
warrants further study.  
5.3 Summary  
The electric field control of magnetic properties of PSMO/PMNT 
heterostructure was studied. The PMNT lattice c changed in a butterfly way 
with E field, and was used as a strain source to study strain effect. The 
magnetic moment from Mn site showed obvious change with electric field 
bias. The change of magnetic moment increased with measurement magnetic 
field and saturated at 5000 Oe at fixed temperature; also depends on 
temperature and the electric field polarization. It is suggested that this 
dependence on temperature and polarization was due to the piezoelectric 
response of PMNT substrate. The first principle simulation showed that the eg 
electronic structure was affected by strain, and the change of magnetic 
moment was from the electron redistribution among the two eg sub-orbits.  
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Chapter 6 Conclusion & Future Work 
In this thesis, the effects of strain on the manganite Pr0.67Sr0.33MnO3 film 
properties was studied systematically, including the crystal structure (lattice 
constant, MnO6 octahedral rotation), electronic structure, and magnetic 
properties. The following part of this chapter would summarize the results and 
recommend the future work.  
6.1 Conclusion  
There are two kinds of strain sources used to modulate the film under 
different strain conditions in this thesis. The first one was lattice mismatch 
between the film and the substrate, and substrates with different lattice 
constants were employed to study the strain effects. 12 nm Pr0.67Sr0.33MnO3 
(PSMO) film were grown on three substrates, (001) SrTiO3, (110) NdGaO3 
and (001) LaAlO3. These films were under different strain conditions 
compared to that of bulk: in-plane tensile strain and out-of-plane compressive 
strain for film on (001) SrTiO3; almost strain free along in-plane and out-of-
plane directions for film on (110) NdGaO3; in-plane compressive strain and 
out-of-plane tensile strain for film on (001) LaAlO3. The half-integer 
diffraction results revealed that the MnO6 octahedral rotation pattern in 



















 for film on 
LaAlO3 substrate. The macroscopic strains in these films were modulated by 
the change of the Mn-O bond length and bond angle at the molecular level. 
The anisotropic strain along the in-plane and out-of-plane directions caused 
the anisotropic Mn-O bond length in these three films along two directions, 
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which affected the X-ray absorption spectrum significantly along with the O-
Mn-O bond angle.  
The strain-caused change of Mn-O bond along the polarization direction 
(electric field vector) of the X-ray shifted the XANES spectrum in polarized 
measurement. The charge transfer between Mn and O was enhanced along the 
compressive strain direction due to the large overlap between Mn 3d and O 2p 





L configurations (electronic structure of one MnO6 octahedron) was 
connected to the charge transfer probability: the higher the charge transfer 
probability, the higher the probability of 3d
n+1
L configuration. The change of 
ratio of these two configurations resulted in the shift of XANES spectrum. 
These results were further verified using the ab initio FEFF calculations.  
The second strain source employed in this thesis was the piezoelectric 
response of (001) 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (PMNT) substrate to the 
electric field bias. With application of electric field bias on the PMNT 
substrate, the in-plane lattice strain was transferred to the film, and affected 
the Pr0.67Sr0.33MnO3 film properties. The electric field control of magnetic 
properties of PSMO/PMNT heterostructure was studied. The PMNT lattice c 
changed in a butterfly way with electric field, and was used as strain source to 
study strain effect. The magnetic moment from Mn site showed obvious 
change with electric field bias. The change of magnetic moment increased 
with measurement magnetic field and saturated at 5000 Oe at fixed 
temperature; also depended on temperature and the electric field polarization. 
This magnetic moment dependence on temperature and polarization was 
ascribed to the piezoelectric response of PMNT substrate. The first principle 
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simulation showed that eg electronic structure was affected by strain, and the 
change of magnetic moment was from the electron redistribution among two 
eg sub-orbits.  
 From the above results, the strain could tune the manganite thin film 
properties effectively, including the crystal structure (lattice constant, MnO6 
octahedral rotation), electronic structure, and magnetic properties. This may 
provide some guide for materials properties manipulation and future research.  
6.2 Future work 
In this thesis, the strain effects on crystal structure of thin films were 
studied. The strain changed not only the lattice constants but also the MnO6 
octahedral rotation in the PSMO thin films. Based on the information of bond 
angle and bond length, the magnetic properties and the charge transfer were 
investigated.  
The effects of strain on the structure and properties of interface warrant 
further study at the interfacial region, in addition to the volume-averaged data 
from the entire film. An extension of this work may be the effects of electric-
field-induced-strain on the octahedral rotation and distortion of manganties, 
and the corresponding properties. Such future work will help understand the 
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A: Fitting half-integer diffraction intensity  
This Appendix describes the details of fitting half-integer diffraction 
intensity, using the Pr0.67Sr0.33MnO3 (PSMO) film on (001) SrTiO3 (STO) 
substrate as an example. As shown in previous work, the MnO6 octahedral tilt 
pattern could be separated into rotation around three axes. Each of them could 
be labeled by two parameters: The first one is to identify the magnitude of 
rotation around the axis relative to the rest axes; the second one is a 
superscript to identify the rotation directions of two neighboring octahedra 






, from which all 
octahedral rotation could be determined. By fitting the measured half-integer 
diffraction peaks intensity, the rotation angle could be determined, from which 
the Mn-O bond length and Mn-O-Mn bond angle could be obtained. The 
fitting process includes four steps as follows.  
Step 1: To determine the rotation in one octahedron  






 states the rotation relationship of two 
neighboring octahedra along the three axes. However it does not state the 
rotation relationship along the three axes inside one particular octahedron as 
shown in Figure A1, which may rotate in clockwise or anticlockwise direction 
around three axes, respectively. Here the clockwise rotation is defined as the 
negative rotation (-) if standing at the origin point and see along three XYZ 
axes, while the anticlockwise rotation is defined as the positive rotation (+). 
Note in this appendix, the negative/positive sign means rotation pattern only 
when it appears as the superscript, otherwise it means the rotation direction 
around one axis (clockwise/anticlockwise). The oxygen atomic spatial 
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arrangement is related to the MnO6 octahedral tilt, which is necessary to 
calculate the X-ray scattering intensity. As discussed above, in order to 
determine all MnO6 octahedral arrangement the rotation inside one reference 
octahedron has to be determined first.  
 
Figure A1 Illustration of octahedral tilt around three axes. The arrow in this 
figure shows the negative (-) rotation around three axes, respectively. 
For one particular octahedron chosen randomly as reference, the rotations 
along the three axes inside this octahedron are not coupled. So there are eight 
(clockwise/anticlockwise around three axes) possible cases: (+ + +), (- - -), (+ 
+ -), (- - +), (+ - +), (- + -), (+ - -), (- + +). Due to the arbitrariness of definition 
of negative and positive rotation, actually there are only four out of above 
eight possibilities with different atomic arrangements. For example, if the 
reference octahedron rotates in (+ + +), the closet octahedron along (111) 
direction actually rotates in (- - -). Then (+ + +) and (- - -) give the same 
atomic space arrangement, depending on where to choose as reference point.  
In order to give a clear picture, Figure A2 shows the rotation of octahedra 
in case of c
-
. Please note the black border in the front four octahedra means 
that these four octahedra have same Z value and is in the same layer 1; the red 
border in the back four octahedra means have same Z value and is in the same 
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layer 2. Comparing the two octahedra filled with orange color (one in layer 1 
with black border, and one in layer 2 with red border), these two rotate in 
different directions (one in layer 2 is anticlockwise and the other one in layer 1 











 pattern, if the one octahedron rotates in (+ + +) direction (black 
border with orange filling in layer 1), the closest one in the (111) direction 
(red border with orange filling in layer 2) rotates in (- - -) direction. Hence it 






 rotation pattern, inside the 
reference octahedron the rotation has four possibilities (+ + +), (+ - +), (- + +), 
(- - +).  
 
Figure A2 2D view the rotation of octahedra in case of c
-
. Each rhombus 
represents one octahedron.  
Step 2: To determine the domain fraction Dj ratio  
These above four cases with different oxygen atomic arrangements could 
be viewed as four domains. It cannot be ruled out which domain exists or not, 
and all of them have to be assumed to coexist. The XRD peak intensity is 
related to not only the structure factor (atomic arrangement), but also the 
volume (how much materials are involved in the scattering process). Then the 
domain fraction        (   ) is used to represent the volume of each domain 
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(∑   
 
     ). The following equation is used to fitting the XRD peak [96] 
(thermal effect is not considered in this equation):  
    
 
   ( )
 
   (  )
(∑   
 
   |    |
 )                               (1) 
where    is the incident X-ray intensity,   is incident photon angle,    is 
scattering angle; Dj is the relative volume fraction of structural domains; Fhkl 
is the structure factor from the oxygen atoms. For the above four parameters,   
and    are parameters which could be obtained from measurement. Besides 
the contribution from anion oxygen scattering, the cation scattering may also 
contribute to the half-integer diffraction intensity in case that the cation 
periodic length also doubles. If the cation at neighboring octahedral unit cell 
moves in the same direction, the periodic length does not double and there is 
no half-integer diffraction contribution; if the cation at neighboring octahedral 
unit cell moves in the opposite direction, the periodic length does double and it 
may contribute to some half-integer diffractions such as (1, 1, 3/2). There was 
no evidence of cation movement from the half-integer measurement. In this 
fitting the contribution from cation scattering was ignored and only 
contribution from oxygen scattering was included.  
Due to the different oxygen atomic arrangement, in order to calculate the 
intensity it is necessary to figure out the fraction of each domain. The domain 
fraction Dj is obtained in experiment by measuring (±1/2, ±1/2, 3/2) peaks. As 
mentioned by May [96], the domain ratio is directly determined by these four 
peaks intensities, which is (2:1.3:1:1) from the experimental result as shown in 




Figure A3 Intensities of (±1/2, ±1/2, 3/2) peaks, obtained from measurement: 
The peak intensity ratio is (2:1.3:1:1).  
Step 3: To determine the structure factor Fhkl  
As shown in equation (1), there is one more parameter Fhkl need to be 
determined. The structure factor Fhkl are calculated for each of four domains 
(+ + +), (+ - +), (- + +), (- - +), respectively, which is related to the atomic 
position and the diffraction index (hkl). The oxygen atomic scattering 
contribution is calculated using the following equation,  
          ∑     ,   (           )-
  
                                 (2) 




 form factor 
which could be obtained from reference [97]. For any rotation angle 
combination (α, β, γ), the atomic position (un, vn, wn) determined by (α, β, γ) 
may be different for four domains.  It is therefore necessary to calculate the 
oxygen atomic arrangement for each domain.  
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Figure A4 Illustration of unit cell with eight octahedra in case of (left) no 






 rotation.   
The following example would consider one unit cell with two MnO6 
octahedra along each axis, which means that there are eight octahedra in this 
unit cell during the fitting process. Figure A4 shows the unit cell with eight 
octahedra with and without rotation. For each octahedron, there are three 
oxygen atoms and 24 atoms in total are used to describe the system. Without 
octahedral tilt, the coordinates of these oxygen atoms are (taking the corner of 
ABO3 unit as origin point) shown in Table A1. The table shows the oxygen 
atomic coordinates in eight octahedra in case of no octahedral rotation, and 
       (   ) is the coordinates of corresponding octahedral center. Taking the 
domain (+ + +) and the rotation angle (α, β, γ) as example, the rotation angle θ 
of these eight octahedra are also shown in above tables.  
    (
   
            
           
),                                      (3) 
    (
             
   
           
),                                     (4) 
    (
            
           
   
),                                     (5) 
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Table A1 The atomic coordinates of 24 oxygen atoms in case of no rotation, 
and the corresponding octahedral center; the θ is the rotation angle of eight 
octahedra in case of rotation; C is the center of  corresponding octahedron, 
please refer to text for details.  
The above three matrixes are used to calculate the coordinates after 
rotation. For any point (x, y, z), the coordinates (x‟, y‟, z‟) after rotation could 
be obtained by,  
  
(
   
            
           
)  (
           
   
            
)  (
            
           
   
),  
(6) 
 x y z 
O1 1/2 1/2 0 
O2 1/2 0 1/2 
O3 0 1/2 1/2 
C1 1/2 1/2 1/2 
θ α β γ 
 
 x y z 
O4 1/2 3/2 0 
O5 1/2 1 1/2 
O6 0 3/2 1/2 
C2 1/2 3/2 1/2 
θ -α -β -γ 
 
 x y z 
O7 3/2 1/2 0 
O8 3/2 0 1/2 
O9 1 1/2 1/2 
C3 3/2 1/2 1/2 
θ -α -β -γ 
 x y z 
O10 3/2 3/2 0 
O11 3/2 1 1/2 
O12 1 3/2 1/2 
C4 3/2 3/2 1/2 
θ α β γ 
 
 x y z 
O13 1/2 1/2 1 
O14 1/2 0 3/2 
O15 0 1/2 3/2 
C5 1/2 1/2 3/2 
θ -α -β -γ 
 x y z 
O16 1/2 3/2 1 
O17 1/2 1 3/2 
O18 0 3/2 3/2 
C6 1/2 3/2 3/2 
θ α β γ 
 x y z 
O19 3/2 1/2 1 
O20 3/2 0 3/2 
O21 1 1/2 3/2 
C7 3/2 1/2 3/2 
θ α β γ 
 x y z 
O22 3/2 3/2 1 
O23 3/2 1 3/2 
O24 1 3/2 3/2 
C8 3/2 3/2 3/2 












),                                                     (7) 
In our fitting process, we assume all the oxygen locates at the surface of 
the ABO3 unit. The process to calculate the oxygen position after rotation is 
separated into two sub-steps: the first one is to calculate the oxygen 
coordinates relative to the corresponding octahedral center Ck, which is fixed 
with/without rotation; then the second step is to add the relative coordinates of 
oxygen with the coordinates of corresponding octahedral center,  
(
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),                    (9)  
where     (    ) is the oxygen index, (a0, b0, c0) are lattice constant of ABO3 
unit, which is (3.905 Å, 3.905 Å, 3.905 Å) for PSMO film on STO substrate 
and fixed during the simulation. Note that equation (9) is able to constrain the 
oxygen at the interface of ABO3 unit. From the equation (9), the 24 oxygen 
atomic arrangement for domain could be calculated. Then the structure factor 
Fhkl for (+ + +) domain at specific diffraction point (hkl) could be calculated 
from equation (2).  
For the rest three domains (+ - +), (- + +), (- - +), the calculation of Fhkl is 
similar. Note that for same value of (α, β, γ), the atomic arrangement and the 
corresponded structure factors are different for these four domains. This is the 
reason we need to figure out the domain fraction Dj ratio for four domains.  
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 Step 4: To find the result  
After the above three steps, the peak intensity could be calculated for one 
(α, β, γ) combination at one (hkl) peak. To find the most reasonable rotation 
angles, the fitting process includes three sub-steps. Firstly, the three angles (α, 
β, γ) scan from 0˚ to 15˚ with step size 0.1˚, respectively. For each (α, β, γ) 
combination 6 peaks intensity was calculated, of which the half-integer 
diffraction peak intensity has been measured. Secondly, calculate the deviation 
   ∑ (             )
       between experiment and calculation; Finally, 
compare the deviation   for all (α, β, γ) combinations and record the (α, β, γ) 
corresponding to the smallest value  . 
 
Figure A5 Dependence of deviation   on octahedral tilt angle; In the fitting, 
the rotation around x, y axis are set to be same due to the equivalence of a, b 
lattice. This figure shows a partial change trend.  
Figure A5 shows the trend of change of deviation   with the different (α, β, 
γ) combinations. There is one minimum point in this figure, which 
corresponding to the most reasonable result. The rotation angle (α, β, γ) for 
PSMO film STO substrate is (4.5º, 4.5º, 8º) and the intensity of calculation 
and experiment was compared as shown in Table A2. This process was done 




Table A2 The intensities comparison between calculation and experiment; the 
results are normalized to (0.5 1.5 1.5) peak intensities.  
Step 5: To calculate the bond angle and bond length  
After the rotation pattern and rotation angle have been determined, the 
atomic coordinates for all atoms inside the unit cell could be calculated. The 
created crystal information file (cif) based on the experimental results could be 
used by the software “Diamond” to draw the atomic arrangement and 
calculate the Mn-O bond length and Mn-O-Mn bond angle. Diamond could 
read this created cif, and measure the Mn-O bond information. For PSMO film 
on STO substrate, the in-plane bond length din is 1.971 Å, and bond angle θin 
is 161.8˚; the out-of plane bond length dout is 1.915 Å, and bond angle θout is 
167.1˚. The details of created cif file for PSMO film on three substrates would 




B: Maple code for half-integer diffraction intensity fitting 
The following is taking Pr0.67Sr0.33MnO3 film on (001) SrTiO3 as 
example. For the film on other substrates, it follows the same procedure.   
> restart;  
> ###############################Input parameters  
> Lm := [3.905, 3.905, 3.806]:  
> Nop := 6:  
> Expe := [.5, 1.5, 1.5, 61, 51.65, 4.4683], [1.5, .5, 1.5, 63, 51.71, 4.4631], 
[.5, .5, 1.5, 327, 39.05, 5.7731], [.5, -.5, 1.5, 157, 39.04, 5.7743], [-.5, .5, 1.5, 
149, 39.04, 5.7743], [-.5, -.5, 1.5, 212, 39.04, 5.7743]:  
> N := 24; Dj := [2, 1.3, 1, 1] :  
> p := [.5, .5, 0], [.5, 0, .5], [0, .5, .5], [.5, 1.5, 0], [.5, 1, .5], [0, 1.5, .5], [1.5, .5, 
0], [1.5, 0, .5], [1, .5, .5], [1.5, 1.5, 0], [1.5, 1, .5], [1, 1.5, .5], [.5, .5, 1], [.5, 0, 
1.5], [0, .5, 1.5], [.5, 1.5, 1], [.5, 1, 1.5], [0, 1.5, 1.5], [1.5, .5, 1], [1.5, 0, 1.5], 
[1, .5, 1.5], [1.5, 1.5, 1], [1.5, 1, 1.5], [1, 1.5, 1.5] :  
> ###############################Calculate the peak intensity  
> u := array(1 .. 4, 1 .. 24); v := array(1 .. 4, 1 .. 24); w := array(1 .. 4, 1 .. 24) ;  
> step := 0.1; I0 := 1; data := []: 
> 
> for α2 from 0 by step to 15 do  
β2 := α2:  
for γ2 from 0 by step to 15 do  
for no to Nop do for j to 4 do  
 
α := (1/180)* α2*Pi; β := (1/180)* β 2*Pi; γ := (1/180)* γ 2*Pi;  
Lb := [Lm[1] /(cos(β)*cos(γ1)), Lm[2] /(cos(γ1)*cos(α)), Lm[3] 
/(cos(α)*cos(β))];  
αv := [α, -α, α, α]; βv := [β, β, -β, β]; γv := [γ, γ, γ, -γ];   
αd := αv[j]; βd := βv[j]; γd := γv[j];  
 
for n to N do  
 
if n <= 3 then  
c1 := .5; c2 := .5; c3 := .5;  
Mα := matrix(3, 3, [1, 0, 0, 0, cos(αd), -sin(αd), 0, sin(αd), cos(αd)]);  
Mβ := matrix(3, 3, [-sin(βd), 0, cos(βd), 0, 1, 0, cos(βd), 0, sin(βd)]);  
Mγ := matrix(3, 3, [cos(γd), -sin(γd), 0, sin(γd), cos(γd), 0, 0, 0, 1]);  
αβ := evalm(Mα *Mβ); R := evalm(Mγ * αβ);  
uo := matrix(3, 1, [p[n][1]-c1, p[n][2]-c2, p[n][3]-c3]); 
M1 := evalm(R* uo); Pro := [M1[1, 1]*Lb[1], M1[2, 1]*Lb[2], M1[3, 
1]*Lb[3]]; 
Pmn := [c1*Lm[1], c2*Lm[2], c3*Lm[3]]; M2 := evalm(Pro+Pmn);  
u[j, n] := M2[1]; v[j, n] := M2[2]; w[j, n] := M2[3];  
 
elif 4 <= n and n <= 6 then  
c1 := .5; c2 := 1.5; c3 := .5;  
Mα := matrix(3, 3, [1, 0, 0, 0, cos(-αd), -sin(-αd), 0, sin(-αd), cos(-αd)]);  
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Mβ := matrix(3, 3, [-sin(-βd), 0, cos(-βd), 0, 1, 0, cos(-βd), 0, sin(β-d)]);  
Mγ := matrix(3, 3, [cos(-γd), -sin(-γd), 0, sin(-γd), cos(-γd), 0, 0, 0, 1]);  
αβ := evalm(Mα *Mβ); R := evalm(Mγ * αβ);  
uo := matrix(3, 1, [p[n][1]-c1, p[n][2]-c2, p[n][3]-c3]); 
M1 := evalm(R* uo); Pro := [M1[1, 1]*Lb[1], M1[2, 1]*Lb[2], M1[3, 
1]*Lb[3]]; 
Pmn := [c1*Lm[1], c2*Lm[2], c3*Lm[3]]; M2 := evalm(Pro+Pmn);  
u[j, n] := M2[1]; v[j, n] := M2[2]; w[j, n] := M2[3]; 
 
elif 7 <= n and n <= 9 then  
c1 := 1.5; c2 := .5; c3 := .5;  
Mα := matrix(3, 3, [1, 0, 0, 0, cos(-αd), -sin(-αd), 0, sin(-αd), cos(-αd)]);  
Mβ := matrix(3, 3, [-sin(-βd), 0, cos(-βd), 0, 1, 0, cos(-βd), 0, sin(β-d)]);  
Mγ := matrix(3, 3, [cos(-γd), -sin(-γd), 0, sin(-γd), cos(-γd), 0, 0, 0, 1]);  
αβ := evalm(Mα *Mβ); R := evalm(Mγ * αβ);  
uo := matrix(3, 1, [p[n][1]-c1, p[n][2]-c2, p[n][3]-c3]); 
M1 := evalm(R* uo); Pro := [M1[1, 1]*Lb[1], M1[2, 1]*Lb[2], M1[3, 
1]*Lb[3]]; 
Pmn := [c1*Lm[1], c2*Lm[2], c3*Lm[3]]; M2 := evalm(Pro+Pmn);  
u[j, n] := M2[1]; v[j, n] := M2[2]; w[j, n] := M2[3]; 
 
elif 10 <= n and n <= 12 then  
c1 := 1.5; c2 := 1.5; c3 := .5;  
Mα := matrix(3, 3, [1, 0, 0, 0, cos(αd), -sin(αd), 0, sin(αd), cos(αd)]);  
Mβ := matrix(3, 3, [-sin(βd), 0, cos(βd), 0, 1, 0, cos(βd), 0, sin(βd)]);  
Mγ := matrix(3, 3, [cos(γd), -sin(γd), 0, sin(γd), cos(γd), 0, 0, 0, 1]);  
αβ := evalm(Mα *Mβ); R := evalm(Mγ * αβ);  
uo := matrix(3, 1, [p[n][1]-c1, p[n][2]-c2, p[n][3]-c3]); 
M1 := evalm(R* uo); Pro := [M1[1, 1]*Lb[1], M1[2, 1]*Lb[2], M1[3, 
1]*Lb[3]]; 
Pmn := [c1*Lm[1], c2*Lm[2], c3*Lm[3]]; M2 := evalm(Pro+Pmn);  
u[j, n] := M2[1]; v[j, n] := M2[2]; w[j, n] := M2[3];  
 
elif 13 <= n and n <= 15 then  
c1 := .5; c2 := .5; c3 := 1.5;  
Mα := matrix(3, 3, [1, 0, 0, 0, cos(-αd), -sin(-αd), 0, sin(-αd), cos(-αd)]);  
Mβ := matrix(3, 3, [-sin(-βd), 0, cos(-βd), 0, 1, 0, cos(-βd), 0, sin(β-d)]);  
Mγ := matrix(3, 3, [cos(-γd), -sin(-γd), 0, sin(-γd), cos(-γd), 0, 0, 0, 1]);  
αβ := evalm(Mα *Mβ); R := evalm(Mγ * αβ);  
uo := matrix(3, 1, [p[n][1]-c1, p[n][2]-c2, p[n][3]-c3]); 
M1 := evalm(R* uo); Pro := [M1[1, 1]*Lb[1], M1[2, 1]*Lb[2], M1[3, 
1]*Lb[3]]; 
Pmn := [c1*Lm[1], c2*Lm[2], c3*Lm[3]]; M2 := evalm(Pro+Pmn);  
u[j, n] := M2[1]; v[j, n] := M2[2]; w[j, n] := M2[3]; 
 
elif 16 <= n and n <= 18 then  
c1 := .5; c2 := 1.5; c3 := 1.5;  
Mα := matrix(3, 3, [1, 0, 0, 0, cos(αd), -sin(αd), 0, sin(αd), cos(αd)]);  
Mβ := matrix(3, 3, [-sin(βd), 0, cos(βd), 0, 1, 0, cos(βd), 0, sin(βd)]);  
Mγ := matrix(3, 3, [cos(γd), -sin(γd), 0, sin(γd), cos(γd), 0, 0, 0, 1]);  
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αβ := evalm(Mα *Mβ); R := evalm(Mγ * αβ);  
uo := matrix(3, 1, [p[n][1]-c1, p[n][2]-c2, p[n][3]-c3]); 
M1 := evalm(R* uo); Pro := [M1[1, 1]*Lb[1], M1[2, 1]*Lb[2], M1[3, 
1]*Lb[3]]; 
Pmn := [c1*Lm[1], c2*Lm[2], c3*Lm[3]]; M2 := evalm(Pro+Pmn);  
u[j, n] := M2[1]; v[j, n] := M2[2]; w[j, n] := M2[3];  
 
elif 19 <= n and n <= 21 then  
c1 := 1.5; c2 := .5; c3 := 1.5;  
Mα := matrix(3, 3, [1, 0, 0, 0, cos(αd), -sin(αd), 0, sin(αd), cos(αd)]);  
Mβ := matrix(3, 3, [-sin(βd), 0, cos(βd), 0, 1, 0, cos(βd), 0, sin(βd)]);  
Mγ := matrix(3, 3, [cos(γd), -sin(γd), 0, sin(γd), cos(γd), 0, 0, 0, 1]);  
αβ := evalm(Mα *Mβ); R := evalm(Mγ * αβ);  
uo := matrix(3, 1, [p[n][1]-c1, p[n][2]-c2, p[n][3]-c3]); 
M1 := evalm(R* uo); Pro := [M1[1, 1]*Lb[1], M1[2, 1]*Lb[2], M1[3, 
1]*Lb[3]]; 
Pmn := [c1*Lm[1], c2*Lm[2], c3*Lm[3]]; M2 := evalm(Pro+Pmn);  
u[j, n] := M2[1]; v[j, n] := M2[2]; w[j, n] := M2[3];  
 
elif 22 <= n and n <= 24 then  
c1 := 1.5; c2 := 1.5; c3 := 1.5;  
Mα := matrix(3, 3, [1, 0, 0, 0, cos(-αd), -sin(-αd), 0, sin(-αd), cos(-αd)]);  
Mβ := matrix(3, 3, [-sin(-βd), 0, cos(-βd), 0, 1, 0, cos(-βd), 0, sin(β-d)]);  
Mγ := matrix(3, 3, [cos(-γd), -sin(-γd), 0, sin(-γd), cos(-γd), 0, 0, 0, 1]);  
αβ := evalm(Mα *Mβ); R := evalm(Mγ * αβ);  
uo := matrix(3, 1, [p[n][1]-c1, p[n][2]-c2, p[n][3]-c3]); 
M1 := evalm(R* uo); Pro := [M1[1, 1]*Lb[1], M1[2, 1]*Lb[2], M1[3, 
1]*Lb[3]]; 
Pmn := [c1*Lm[1], c2*Lm[2], c3*Lm[3]]; M2 := evalm(Pro+Pmn);  
u[j, n] := M2[1]; v[j, n] := M2[2]; w[j, n] := M2[3]; 
end if  
end do;  
F[no, j] := Expe[no, 6]*(sum(exp((2*Pi*I)*(Expe[no, 1]*u[j, 
nn]+Expe[no, 2]*v[j, nn]+Expe[no, 3]*w[j, nn])), nn = 1 .. N));   
P[j] := evalf(Dj[j]*abs(F[no, j])^2);  
end do;  
Intensity[no] := evalf(I0*(sum(P[jj], jj = 1 .. 4))/sin((1/180)*Expe[no, 
5]*Pi));  
end do;  






> ###############################To find the results  
> Q := nops(data):  
> data2 := []: 
> erro := 0: 
> for scan to Q do  
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for peak to Nop do  
erro := erro+evalf((Expe[peak, 4]/Expe[1, 4]-data[scan, peak+3])^2)  
end do: 
meanroot := evalf(erro^.5); data2 := [op(data2), [data[scan, 1], data[scan, 
2], data[scan, 3], data[scan, 4], data[scan, 5], data[scan, 6], data[scan, 7], 
data[scan, 8], data[scan, 9], meanroot]] : 
erro := 0  
end do: 
> 
> fit := [data2[1][1], data2[1][2], data2[1][3], data2[1][4], data2[1][5], 
data2[1][6], data2[1][7], data2[1][8], data2[1][9], data2[1][10]]; 
> 
> for i to Q do  
if abs(data2[i][10]) <= fit[10] then  
fit := [evalf(data2[i][1]), evalf(data2[i][2]), evalf(data2[i][3]), 
evalf(data2[i][4]), evalf(data2[i][5]), evalf(data2[i][6]), 
evalf(data2[i][7]), evalf(data2[i][8]), evalf(data2[i][9]), 
evalf(data2[i][10])]  
end if:  
end do:  
> 





C: Crystallographic Information File for Pr0.67Sr0.33MnO3 film on (001) 
SrTiO3 substrate 
 
data_Structure Pr0.67Sr0.33MnO3 film on (001) SrTiO3 substrate 




_chemical_formula_sum 'O36 Mn8 Pr27' 
_chemical_formula_weight 4819.990 
_symmetry_int_tables_number 1 














_cell_length_a 7.8100   
_cell_length_b 7.8100  
_cell_length_c 7.6120  











O1 O  0.2300  0.2700  0.0000  1.000; O2 O  0.2850  0.0000  0.2275  1.000;   
O3 O  0.0000  0.2135  0.2665  1.000; O4 O  0.2700  0.7300  0.0000  1.000;   
O5 O  0.2150  0.5000  0.2665  1.000; O6 O  0.0000  0.7835  0.2275  1.000;   
O7 O  0.7700  0.2300  0.0000  1.000; O8 O  0.7150  0.0000  0.2665  1.000;   
O9 O  0.5000  0.2835  0.2275  1.000; O10 O  0.7300  0.7700  0.0000  1.000;   
O11 O  0.7850  0.5000  0.2275  1.000; O12 O  0.5000  0.7135  0.2665  1.000;   
O13 O  0.2700  0.2300  0.5000  1.000 ; O14 O  0.2150  0.0000  0.7665  1.000;   
O15 O  0.0000  0.2835  0.7275  1.000; O16 O  0.2300  0.7700  0.5000  1.000;   
O17 O  0.2850  0.5000  0.7275  1.000; O18 O  0.0000  0.7135  0.7665  1.000;   
O19 O  0.7300  0.2700  0.5000  1.000; O20 O  0.7850  0.0000  0.7275  1.000;   
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O21 O  0.5000  0.2135  0.7665  1.000; O22 O  0.7700  0.7300  0.5000  1.000;   
O23 O  0.7150  0.5000  0.7665  1.000; O24 O  0.5000  0.7835  0.7275  1.000;   
O25 O  0.2300  0.2700  1.0000  1.000; O26 O  0.2850  1.0000  0.2275  1.000;   
O27 O  1.0000  0.2135  0.2665  1.000; O28 O  0.2700  0.7300  1.0000  1.000;   
O29 O  1.0000  0.7835  0.2275  1.000; O30 O  0.7700  0.2300  1.0000  1.000;   
O31 O  0.7150  1.0000  0.2665  1.000; O32 O  0.7300  0.7700  1.0000  1.000;   
O33 O  0.2150  1.0000  0.7665  1.000; O34 O  1.0000  0.2835  0.7275  1.000;   
O35 O  1.0000  0.7135  0.7665  1.000; O36 O  0.7850  1.0000  0.7275  1.000;   
Mn1 Mn  0.2500  0.2500  0.2500  1.000; Mn2 Mn  0.2500  0.7500  0.2500  
1.000; Mn3 Mn  0.7500  0.2500  0.2500  1.000; Mn4 Mn  0.7500  0.7500  
0.2500  1.000; Mn5 Mn  0.2500  0.2500  0.7500  1.000; Mn6 Mn  0.2500  
0.7500  0.7500  1.000; Mn7 Mn  0.7500  0.2500  0.7500  1.000; Mn8 Mn  
0.7500  0.7500  0.7500  1.000;   
Pr1 Pr  0.0000  0.0000  0.0000  1.000; Pr2 Pr  0.0000  0.5000  0.0000  1.000;   
Pr3 Pr  0.5000  0.0000  0.0000  1.000; Pr4 Pr  0.5000  0.5000  0.0000  1.000;   
Pr5 Pr  0.0000  0.0000  0.5000  1.000; Pr6 Pr  0.0000  0.5000  0.5000  1.000;   
Pr7 Pr  0.5000  0.0000  0.5000  1.000; Pr8 Pr  0.5000  0.5000  0.5000  1.000;   
Pr9 Pr  1.0000  0.0000  0.0000  1.000; Pr10 Pr  0.0000  1.0000  0.0000  1.000;   
Pr11 Pr  1.0000  0.5000  0.0000  1.000; Pr12 Pr  0.5000  1.0000  0.0000  1.000;  
Pr13 Pr  1.0000  1.0000  0.0000  1.000; Pr14 Pr  1.0000  0.0000  0.5000  1.000;  
Pr15 Pr  0.0000  1.0000  0.5000  1.000; Pr16 Pr  1.0000  0.5000  0.5000  1.000;   
Pr17 Pr  0.5000  1.0000  0.5000  1.000; Pr18 Pr  1.0000  1.0000  0.5000  1.000;   
Pr19 Pr  0.0000  0.0000  1.0000  1.000; Pr20 Pr  0.5000  0.0000  1.0000  1.000;   
Pr21 Pr  0.0000  0.5000  1.0000  1.000; Pr22 Pr  0.5000  0.5000  1.0000  1.000;   
Pr23 Pr  1.0000  0.0000  1.0000  1.000; Pr24 Pr  0.0000  1.0000  1.0000  1.000;   
Pr25 Pr  1.0000  0.5000  1.0000  1.000; Pr26 Pr  0.5000  1.0000  1.0000  1.000;   




D: Crystallographic Information File for Pr0.67Sr0.33MnO3 film on (001) 
LaAlO3 substrate 
data_ Pr0.67Sr0.33MnO3 film on (001) LaAlO3 substrate 




_chemical_formula_sum 'Mn8 O36 Pr27' 
_chemical_formula_weight 4819.990 
 _symmetry_int_tables_number 1 








_cell_length_a  7.5840 
_cell_length_b 7.5840 
_cell_length_c  7.9020 

















O1 O  0.2500  0.2500  0.0000  1.000; O2 O  0.2798  0.0000  0.2500  1.000;  
O3 O  0.0000  0.2202  0.2500  1.000; O4 O  0.2500  0.7500  0.0000  1.000; 
O5 O  0.2202  0.5000  0.2500  1.000; O6 O  0.0000  0.7798  0.2500  1.000;  
O7 O  0.7500  0.2500  0.0000  1.000; O8 O  0.7202  0.0000  0.2500  1.000; 
O9 O  0.5000  0.2798  0.2500  1.000; O10 O  0.7500  0.7500  0.0000  1.000; 
O11 O  0.7798  0.5000  0.2500  1.000; O12 O  0.5000  0.7202  0.2500  1.000; 
O13 O  0.2500  0.2500  0.5000  1.000; O14 O  0.2202  0.0000  0.7500  1.000; 
O15 O  0.0000  0.2798  0.7500  1.000; O16 O  0.2500  0.7500  0.5000  1.000; 
O17 O  0.2798  0.5000  0.7500  1.000; O18 O  0.0000  0.7202  0.7500  1.000;  
O19 O  0.7500  0.2500  0.5000  1.000; O20 O  0.7798  0.0000  0.7500  1.000;   
O21 O  0.5000  0.2202  0.7500  1.000; O22 O  0.7500  0.7500  0.5000  1.000;   
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O23 O  0.7202  0.5000  0.7500  1.000; O24 O  0.5000  0.7798  0.7500  1.000;   
O25 O  0.2500  0.2500  1.0000  1.000; O26 O  0.2798  1.0000  0.2500  1.000;   
O27 O  1.0000  0.2202  0.2500  1.000; O28 O  0.2500  0.7500  1.0000  1.000;   
O29 O  1.0000  0.7798  0.2500  1.000; O30 O  0.7500  0.2500  0.0000  1.000;   
O31 O  0.7202  1.0000  0.2500  1.000; O32 O  0.7500  0.7500  1.0000  1.000;   
O33 O  0.2202  1.0000  0.7500  1.000; O34 O  1.0000  0.2798  0.7500  1.000;   
O35 O  1.0000  0.7202  0.7500  1.000; O36 O  0.7798  1.0000  0.7500  1.000; 
Mn1 Mn  0.2500  0.2500  0.2500  1.000; Mn2 Mn  0.2500  0.7500  0.2500  
1.000; Mn3 Mn  0.7500  0.2500  0.2500  1.000; Mn4 Mn  0.7500  0.7500  
0.2500  1.000; Mn5 Mn  0.2500  0.2500  0.7500  1.000; Mn6 Mn  0.2500  
0.7500  0.7500  1.000; Mn7 Mn  0.7500  0.2500  0.7500  1.000; Mn8 Mn  
0.7500  0.7500  0.7500  1.000;    
Pr1 Pr  0.0000  0.0000  0.0000  1.000;  Pr2 Pr  0.0000  0.5000  0.0000  1.000;   
Pr3 Pr  0.5000  0.0000  0.0000  1.000;  Pr4 Pr  0.5000  0.5000  0.0000  1.000;   
Pr5 Pr  0.0000  0.0000  0.5000  1.000;  Pr6 Pr  0.0000  0.5000  0.5000  1.000 ;  
Pr7 Pr  0.5000  0.0000  0.5000  1.000;  Pr  0.5000  0.5000  0.5000  1.000;   
Pr9 Pr  0.0000  0.0000  0.0000  1.000;  Pr10 Pr  0.0000  0.0000  0.0000  1.000;   
Pr11 Pr  0.0000  0.5000  0.0000  1.000; Pr12 Pr  0.5000  0.0000  0.0000  1.000;   
Pr13 Pr  0.0000  0.0000  0.0000  1.000; Pr14 Pr  0.0000  0.0000  0.5000  1.000;   
Pr15 Pr  0.0000  0.0000  0.5000  1.000; Pr16 Pr  0.0000  0.5000  0.5000  1.000;   
Pr17 Pr  0.5000  0.0000  0.5000  1.000; Pr18 Pr  0.0000  0.0000  0.5000  1.000;   
Pr19 Pr  0.0000  0.0000  0.0000  1.000; Pr20 Pr  0.5000  0.0000  0.0000  1.000;    
Pr21 Pr  0.0000  0.5000  0.0000  1.000; Pr22 Pr  0.5000  0.5000  0.0000  1.000;   
Pr23 Pr  0.0000  0.0000  0.0000  1.000; Pr24 Pr  0.0000  0.0000  0.0000  1.000;   
Pr25 Pr  0.0000  0.5000  0.0000  1.000; Pr26 Pr  0.5000  0.0000  0.0000  1.000;   




E: Crystallographic Information File for Pr0.67Sr0.33MnO3 film on (110) 
NdGaO3 substrate 
data_ Pr0.67Sr0.33MnO3 film on (001) NdGaO3 substrate 




_chemical_formula_sum 'Mn8 O36 Pr27' 
_chemical_formula_weight 4819.990 
 _symmetry_int_tables_number 1 








_cell_length_a  7.7260 
_cell_length_b 7.7080 


















O1 O  0.2750  0.2486  0.0000  1.000; O2 O  0.2645  0.0000  0.2500  1.000;  
O3 O  0.0000  0.2357  0.2750  1.000; O4 O  0.2750  0.7515  0.0000  1.000;  
O5 O  0.2355  0.5000  0.2500  1.000; O6 O  0.0000  0.7644  0.2750  1.000;  
O7 O  0.7750  0.2486  0.0000  1.000; O8 O  0.7355  0.0000  0.2500  1.000;  
O9 O  0.5000  0.2644  0.2255  1.000; O10 O  0.7750  0.7515  0.0000  1.000;  
O11 O  0.7645  0.5000  0.2500  1.000; O12 O  0.5000  0.7356  0.2250  1.000;  
O13 O  0.2750  0.2486  0.5000  1.000; O14 O  0.2355  0.0000  0.7500  1.000;  
O15 O  0.0000  0.2644  0.7750  1.000; O16 O  0.2750  0.7512  0.5000  1.000;  
O17 O  0.2645  0.5000  0.7500  1.000; O18 O  0.0000  0.7857  0.7250  1.000;  
O19 O  0.7250  0.2486  0.5000  1.000; O20 O  0.7645  0.0000  0.7500  1.000;  
O21 O  0.5000  0.2357  0.7250  1.000; O22 O  0.7250  0.7515  0.5000  1.000;  
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O23 O  0.7350  0.5000  0.7500  1.000; O24 O  0.5000  0.7644  0.7750  1.000;  
O25 O  0.2750  0.2486  1.0000  1.000; O26 O  0.2645  1.0000  0.2500  1.000;  
O27 O  1.0000  0.2357  0.2750  1.000; O28 O  0.2750  0.7515  1.0000  1.000;  
O29 O  1.0000  0.7644  0.2750  1.000; O30 O  0.7750  0.2486  1.0000  1.000;  
O31 O  0.7355  1.0000  0.2500  1.000; O32 O  0.7750  0.7515  1.0000  1.000;  
O33 O  0.2355  1.0000  0.7500  1.000; O34 O  1.0000  0.2644  0.7750  1.000;  
O35 O  1.0000  0.7857  0.7250  1.000; O36 O  0.7645  1.0000  0.7500  1.000;  
Mn1 Mn  0.2500  0.2500  0.2500  1.000; Mn2 Mn  0.2500  0.7500  0.2500  
1.000; Mn3 Mn  0.7500  0.2500  0.2500  1.000; Mn4 Mn  0.7500  0.7500  
0.2500  1.000; Mn5 Mn  0.2500  0.2500  0.7500  1.000; Mn6 Mn  0.2500  
0.7500  0.7500  1.000; Mn7 Mn  0.7500  0.2500  0.7500  1.000; Mn8 Mn  
0.7500  0.7500  0.7500  1.000;  
Pr1 Pr  0.0000  0.0000  0.0000  1.000; Pr2 Pr  0.0000  0.5000  0.0000  1.000;  
Pr3 Pr  0.5000  0.0000  0.0000  1.000; Pr4 Pr  0.5000  0.5000  0.0000  1.000;  
Pr5 Pr  0.0000  0.0000  0.5000  1.000; Pr6 Pr  0.0000  0.5000  0.5000  1.000;  
Pr7 Pr  0.5000  0.0000  0.5000  1.000; Pr8 Pr  0.5000  0.5000  0.5000  1.000;  
Pr9 Pr  0.0000  0.0000  0.0000  1.000; Pr10 Pr  0.0000  0.0000  0.0000  1.000;  
Pr11 Pr  0.0000  0.5000  0.0000  1.000; Pr12 Pr  0.5000  0.0000  0.0000  1.000;  
Pr13 Pr  0.0000  0.0000  0.0000  1.000; Pr14 Pr  0.0000  0.0000  0.5000  1.000;  
Pr15 Pr  0.0000  0.0000  0.5000  1.000; Pr16 Pr  0.0000  0.5000  0.5000  1.000;  
Pr17 Pr  0.5000  0.0000  0.5000  1.000; Pr18 Pr  0.0000  0.0000  0.5000  1.000;  
Pr19 Pr  0.0000  0.0000  0.0000  1.000; Pr20 Pr  0.5000  0.0000  0.0000  1.000;  
Pr21 Pr  0.0000  0.5000  0.0000  1.000; Pr22 Pr  0.5000  0.5000  0.0000  1.000;  
Pr23 Pr  0.0000  0.0000  0.0000  1.000; Pr24 Pr  0.0000  0.0000  0.0000  1.000;  
Pr25 Pr  0.0000  0.5000  0.0000  1.000; Pr26 Pr  0.5000  0.0000  0.0000  1.000;  
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